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Hidden megathrust beneath megacities, a personal
seismo-geodetic story
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su bd uction be neath the I nd o- Bu rman Ra nges o A giant faultin the earthct h benon rnt Bagladesh
« Some 140 million people live within 60 miles of the potentially deadly fault

Michael S. Steckler', Dhiman Ranjan Mondal2'3, Syed Humayun Akhter*, Leonardo Seeber’, . Experts fear the fault could unleash a 9.0 magnitude earthquake at any time
Lujia Feng®, Jonathan Gale', Emma M. Hill® and Michael Howe'

« Researchers claim Bangladesh needs to build earthquake resistant homes
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Dahabo’s “Track and Save a Life” with geodesy

In Kenya, Marsabit County is a
community of 80%
pastoralists (homadic) and
has the highest maternal
mortality rates.

Nomadic women moved from
one place to another, thus
having no access to
healthcare.

High Mortality

Solar-Powered tracking bracelets reduces

maternal mortality in Kenya

Friday, November 20, 2020

 Maternal and child death was
reduced by approximately 40%

* Immunization coverage
increased by 80-85%

Source:https://old.aasciences.africa/news/solar-powered-tracking-
bracelets-reduces-maternal-mortality-kenya




Sustain the entire value chain

Coal/Sun Power Plant Powerlines Home Supply Charged Phone

Source Production

Geodetic

IAG Services
Infrastructure

IGS, ILRS, IVS, IDS, and IERS

Modified after: https://ggim.un.org/meetings/2021/Global_Geodesy_Forum/documents/Global_Geodesy_Forum-Presentation.pdf
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Positioning in various spatio-temporal scales
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Ocean Navigation

Emergency Location

Applied Geodesy

Aircraft Navigation

Aircraft landing

Car navigation Spacecraft
Navigation

Precision Agriculture

Autonomous Nav

Tsunami Waming Glacial Flow

Stveying Weather Forecasting ***
Earthquake
Displacements Airborne Leveling

Lidar/SAR

Precision Geodesy

Precision Timing
Satellite Orbit Determination
Volcanic Hazards
Hydrology **
Seismic Hazard

Geodynamics*

Sea Level

Minutes Hours

Days Months Years

Time Scale

Decades

PRECISE GEODETIC INFRASTRUCTURE
National Requirements for a Shared Resource

NATIONAL RESEARCH COUNCIL
OF THE NATONA ACADES

Source:
https://nap.nationalacade
mies.org/catalog/12954/pr
ecise-geodetic-
infrastructure-national-
requirements-for-a-
shared-resource




Outline

* What is Geodesy?
* Techniques of Space Geodesy

* Applications of VLBI
* EOP, TRF, CRF

e EOP/Earth rotation in the news

* Geodesy and change in global mean
sea level

HAYSTACK
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What is Geodesy?

 The science of the Earth’s shape, rotation,
and gravity, including their evolution in
time

* Earth’s dynamic and complex system
needs continuous and reliable global
geodetic monitoring

* Techniques used to observe the geodetic

properties of the Earth provide the basis for
the International Terrestrial Reference
Frame (ITRF)

* ITRFis

* the foundation for all airborne, space-
based, and ground-based Earth
observations, and

* important for interplanetary
spacecraft tracking and navigation

ocean circulation

and tides

atmospheric
pressure

melting of ice

luni-solar gravitational lides

|ejuaujjuold
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Geodesy Toolbox for Monitoring

L5. Extragalactic Objects: Quasars and ' _ ‘" : x
other compact radio sources (provide ' X Level 5 . X
fixed references in the sky). X :
L4. Planetary Objects: Planetary —_— .
missions and geodetic infrastructure on 3 Level 4
planets and natural satellites, especially ’7 .
the Moon. ” o . Space
L3. High Altitude Satellite Missions: : Techniques
MEO and GEO satellite missions (with 5&‘ :
altitudes up to 36,000 km) used mainly for o \/_[“. s . Level 3 .-.
GNSS and SLR. i : "y
L2. Low Altitude Satellite Missions: £ & g
2 L 12 y
LEO satellite missions (altitudes 180 km to Te"eft"al .Q. . b od Ground-Based
2,000 km) used mainly for monitoring the Techniques Infrastructure

land, ocean, and ice surfaces aswellas
the Earth’s gravity field and its temporal
variations.

L1. Geodetic Terrestrial Infrastructure:
Consisting of all terrestrial networks
of geodetic ground stations.

OBSERVATORY




“Space Geodesy” Toolbox

| GS INTERN
GNSS SERV
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Satellite Laser Ranging (SLR)

Earthbound observatories emit ultra-short
laser pulses towards retroreflector arrays
on satellites or the moon surface, which

reflect the pulses back towards their origin.

The emission of the
pulse triggers an Event
Timer Unit that records

the precise epoch of

satellite with P A
corner cube

S
reflectors _\GES

The pulse roundtrip
time interval is
measured with an
accuracy of a few

b N
-

that instant. The
reflected pulse
detection triggers again
the unit and the range is
inferred as %2 the time-
Transmitted interval between the two
pulse epochs, corrected for
calibration constants,
atmospheric delay, etc.
Reflected

pulse Laser
transmitter

N
Photon o I
detector ‘

¢ \Wavelength: 532, 1064 nm.
* Best stations have mm precision.

* Preponderance of stations in N. Hemisphere.

Pulse
l? Laser

Received
pulse

stop \L
Measurement of the pulse's il
roundtrip travel time

y

picoseconds.

Event Timer
Unit (ETU)

SLR range observations enable the
accurate determination of orbital
trajectories, the position and velocity | —>
@ of the tracking stations, Earth's
c6 polar motion and variations in the
length-of-day.

image by

https://ggos.org/item/slr-llr/
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VLBI-SLR
Colocations:

e Badary

e Greenbelt

e Hartebeesthoek
e Matera

e Shanghai

e Svetloe

e Wettzell

e Yarragadee

e Zelenchuskaya

In near future
e | a Plata

e McDonald
e Metsahovi
Ny Alesund
* Yebes

Long-term plan
e Tahiti



Global Navigation Satellite Systems (GNSS)

GPS

+ Owned and operated by the United States of America
« First satellite launched in 1978
« Available globally

Ge\

Positioning Systems

GLONASS

+ Owned and operated by Russia

—
—
f
/ « First satellite launched in 1982
§¢ « Available globally
4
O

QZSS

+ Owned and operated by Japan
4 « First satellite launched in 2010
« Available regionally

BeiDou

+ Owned and operated by China
* First satellite launched in 2000
« Available globally

GNSS

Global Navigation Satellite Systems
Satellite constellations providing
worldwide or regional coverage

Galileo

« First satellite launched in 2011
+ Available globally

IRNSS

+ Owned and operated by India
« First satellite launched in 2013
+ Available regionally

GNSS helps Precise
Orbit Determination
(POD) of sattelites
(e.g., Sentinel-6A
tracks GPS &
Galileo).

https://igs.org/statio‘r'\-'resou rces/.
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+ Owned and operated by the European Union (E.U.)

|

28

(1) The system operator
calculates satellite orbits and
clock synchronization using
ground stations with known
coordinates.

(2) The operator loads the
calculated orbits and satellite
clock corrections to the
satellites.

(3) Orbits and clock
corrections are broadcast
together with a very stable
time stamp from an atomic
clock, so that a receiver can
continuously determine the
time when the signal was
broadcast.

(4) The difference between the
time of arrival and the time of
transmission gives the travel-
time of the signal, which,
multiplied by the speed of light,
provides the distance (or
range) satellite - receiver.

(5) With information about the
ranges to four satellites and the
location of the satellite when the
signal was sent, the receiver
can compute its own three-
dimensional position.

\{!

system q»
control
center

receiver

The broadcast information has an
accuracy of about one metre and is
usually employed for navigation
applications. For the precise
observation of the Earth, geodesists
calculate orbits and clock corrections
with a very much higher accuracy (in
the centimetre and picosecond
ranges). This requires the
simultaneous determination of station
positions, satellite orbits and Earth
orientation parameters in a single
consistent calculation.

* |GS Network has ~514 stations (as of April 17, 2023).
e Regional networks have hundreds to thousands of stations.
* Products: Positions, orbits of GNSS satellites, Troposphere &

lonosphere products.

https://ggos.org/item/gnss/



Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS)

When the satellite
moves away from
the station, the
frequency of the
l, received signal is
lower than the
frequency of the
original signal

DORIS ground stations emit radio signals,
which are captured by several satellites
carrying DORIS receivers

_—

When a satellite

approaches a

station, the

frequency of the

received signal is

higher than the i
frequency of the 7 'DORIS ™
signal originally o * istation %
emitted by the ; *
station T ‘

S

Time of closest apbroach
(transmitted and réceived
frequencies are the same)

Received frequency
higher than the
transmitted frequency

received frequency

s time

By plotting the frequency received by Received frequency lower
the satellite as a function of time, the i than the transmitted;

¥ slope of the curve at the time of closest : frequency
approach allows to calculate the .
distance between the ground station
and the satellite

With these observations, DORIS allows
the precise determination of satellite
orbits and ground station positions as
well as the orientation of Earth in space

© GNss(GS) @ SR O No active co-location < 1 km
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https://ids-doris.org

Past missions.
Current missions

Future missions agreed/nominal lifetime

S Future missions pending approval

On board instruments:
D1, D2, DX, DXs: DORIS/versions, S:SLR, G:GNSS

The DORIS system includes:

* Ground station contains
dual-frequency
transmitters (2 GHz and
400 MHz), an ultra-stable
oscillator, a control system,
weather sensors, and a
reference antenna
Master stations provide the
system’s time reference
A control center based in
Toulouse, France

An important product of the
DORIS system is the precise orbit
determination of low-altitude
Earth satellites, primarily used for
altimetry and remote sensing

Around 50 DORIS stations are
co-located with other space
techniques (VLBI, SLR, GNSS)




Very Long Baseline Interferometry (VLBI)

. . NYALES20
The same signal emitted by @ .
extragalactic radio sources is T ONSM:?é\IV?///’\\‘IEA(:) \SVETLOE
captured by multiple radio GGOS oy e . @ BADARY
telescopes on Earth. o® .. D .- MEDCNAE B0 EncHK sEsonG  SHIOKA
- . -- @ - _G.GAO12M W Wl .. KASHIM11/34
~~~~~~ The signal arrives at the " MACGO12M po SESHANZS
@ \/\1\'\, telescopes at different times;

~~~~~~~ i.e., with a time delay.

i) < ~~~~~~~~ -

Quasars

Sy = FORTLEZA
~.

KATH12M

/
\\' u YARRA12M
4 i, ® VGOS HART15M y WARK12M
i B S/X legacy ®AcGo HOBART12/26.
- OHIGGINS
~~~~~~~ ]
~~~~~~ M »J,,,L_LLAALL,A¥IJ,J‘ e Clock 2
Each telescope captures \ : The time delay is
the signal and record$ &> W q .
. . : , etected by comparin
the time |Of irrlval Ll B ] Ea the recordsyat difFf)erenSt; Measured vs Modeled
atomic clocks. ; . —
- D — telescopes (correlation ] ]
ock1 B time delay processing). lg_ + Tcik + Tins + Tion + Ttrop + Trel + Tother‘l' €

The distance (baseline)
between the radio telescopes \1, The joint processing of
is calculated using the time delays and
detected time delays. baselines of a global
network of radio
telescopes allows the
determination of precise
positions of the radio
telescopes and the
orientation of Earth in
space.

(geometry => position)
* Restis “noise”
* Clocks
* lonosphere
* Troposphere
Electronics, etc.




Space Geodesy — Terrestrial Reference Frame (TRF)

* The space geodetic
infrastructure (e.g., VLBI
and GNSS) is vital to meet
pressing scientific and
societal needs

* Geodesyrealizes a TRF that
enables satellite methods,
geophysical observations,
and key science
applications such as sea-
level change, weather, and
climate

K
OBSERVATORY

ENABLED SCIENTIFIC APPLICATIONS

GEOPHYSICAL OBSERVABLES

A

EARTH ORBITING MISSIONS

AT

PRIMARY GEODETIC PRODUCTS

A

TERRESTRIAL REFERENCE FRAME
_—

GEODETIC INFRASTRUCTURE

- Sea-level change
- Water cycle
- Geological hazards

- Time-variable gravity
- Altimetry
- InSAR and SAR

- Precise positions
- Orbit determination
- Earth rotation

- Weather/climate
- Ecosystems
- Geodynamics

- Land and ice deformation and change
- Sea-surface height

- Atmospheric parameters

- Land and vegetation topography

- Mass change
- Surface and ground water
and soil moisture

- Radio occultation
- GNSS reflections from space
- Optical change detection

- Gravity field
- Reflection and signal-to-noise ratio
- Total electron content and tropospheric delay

- Station coordinates as function of time - Scale
- Origin (Earth system center of mass)

- i I- tic techniques{SLR, VLBI, GNSS, DORIS

- Orientation

- Experts
- Archives

[NASEM, 2020]



Terrestrial Reference Frame (TRF)

[Schunck et al., (2024)]

* TRFis the foundation for all ground-
and space-based Earth observation
programs

North Pole

* The positions of objects are
determined in relation to an
underlying TRF

* Space-geodetic observing systems
define terrestrial and celestial
reference frames, serving as the
universal standard for measuring
Earth's shape, rotation, and linking
Earth observations across space

and time Space-geodetic observing systems

The goal is to realize TRF with 1 mm accuracy and 0.1 mm/yr stability

Improving TRF requires - improved technology and improved techniques

HAYSTACK
OBSERVATORY



Independent ("disconnected”) TRFs

 Each geodetic technique
realizes an independent
TRF, each having different
strengths and weaknesses

* Afar more robust TRF can
be achieved by robustly
combining the individual
TRFs (i.e., applying inter-
technique vector ties)

[NASEM, 2020]

4
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SURVEY
PILLAR

* Co-located geodetic
techniques at core sites can tie
the individual TRFs together as

long the vectors between
instruments are accurately (<<1
mm) known

* Inter-technique vector ties at
core sites nudges the
independent TRFs into a single,
improved TRF

TRF with no ties TRF with one tie TRF with multiple ties

[Modified after Mondal et al., 2024; Hippenstiel, 2024]



Problem — Why tying the TRFs together is important

* Local geodetic ties are a limiting error source in establishing an accurate (1 mm

positioning) and stable (0.1 mm/yr) TRF
* What are local geodetic ties?

* The baseline vectors between antenna reference points at co-located sites necessary to
effectively tie the otherwise disconnected reference frames of the individual space geodetic

techniques, such as VLBl and GNSS, into a unified TRF

* Unfortunately, the disagreement between local (surveying) ties and geodetic
position estimates can be significantly larger (i.e., several mm) than their

combined error estimates

# of tie discrepancies < Smm

GNSS to # of tie vectors
ITRF2014 ITRF2020 ITRF2014 ITRF2020

60 77 27 38
49 53 14 19
23 39

% of tie discrepancies < S mm
ITRF2014 ITRF2020

45 50
29 36
22 32

[Altamimi et al., 2022]



Signal Ties

Frame Ties
VLBI «—» GNSS

—— Y —
/

L

| VLBI antennas \-/

o A

[Sehunck at al., 2024]




Advanced techniqgue —Atmospheric ties

At= Atgeom'l'Ationo+Attrop+Atnoise

lonospheric
delay

Tropospheric
delay

A

PILLAR

[Modified after Mondal et al., in prep.] [Modified after Altamimi et al., 2023]

* Measuring localties is a challenge for some techniques
 Tie uncertainties for 60 % of the collocation sites are more than 5 mm
 But stations at core sites share the same atmosphere, hence new ties can be achieved via

atmospheric constraints

A
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Technique-specific contributions to ITRF2020

Technique VLBI SLR GPS | DORIS
Signal Microwave Optical Microwave Microwave
Source Quasars Satellite Satellite Satellite
Obs. Type Time difference Two-way range Range Range
Origin No Yes No No

Scale Yes Yes \GE
Celestial Frame and UT1 || No No No

Polar motion | Yes Yes \GE
Density No Yes No




Technique-specific contributions to ITRF2020

# of Solutions Time-Span | # of Origin EOP

sites | of the [Modified after Altamimi et al., 2023]
Frame

IDS/DORIS 1465 weekly 1993-2021
(28 yrs)

IGS/GNSS 9861 daily 1994-2021
(27 yrs)

ILRS/SLR 243 fortnightly 1983-1993

1460 weekly 1993-2021
(38 yrs)

IVS/VLBI 6178 1980-2021 PM, PMr,
session-wise (41 yrs) LOD, UT1-
UTC, 86X, dY

-90 2 -90°
VLBl ¢SLR «GNSS ODORIS

PM Polar motion, PMr Polar motion rate, LOD Length of day, UTI-UTC
UT1 minus UTC, dX and &Y : Nutation offsets

aY &
X X
OBSERVATORY



IVS contributions to ITRF2020

- .

 H —
Illllilii

! 1 1

[ Submitted SINEX file
___| Successfull individual AC solution
Bl Successfully contributed to the combination

AS| BKG DGFI GFZ GSFC IAA NMA OPA OSO USNO VIE
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Q
(7]
N
o
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[Hellmers et al., 2022]

« 11 analysis centers (ASI, BKG, DGFI-TUM, GFZ, GCFS, IAA, NMA, OPA, OSO, USNO, VIE)
« 7 software packages: ASCOT, Calc/Solve, DOGS-R1, PORT, QUASAR, VieVS
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ITRF2020 solutions

Site with velocity formal error <1 mm/yr

7345_21730S007 trajectory

* |ITRF2020 includes a model for
post-seismic deformation and
solves for periodic terms to
accommodate loading &
draconitic effects per geodetic
technique

North (cm)

I I I I I
92 1996 2000 2004 2008 2012 2016 2020

Nz

£
S
-
(2}
©
1

1T 1 1 1 1 T 1T 171

I I I
92 1996 2000 2004 2008 2012 20

I
16 2020

Blue: Raw, Green: Linear, Red: PSD model
Vertical gray lines represent discontinuities

Trajecto ry of Tsukuba VLBI site [Modified after Altamimi et al., 2023]




Celestial Reference Frame (e.g., ICRF3)

Charlot et al., 2020
« ICRS s the current celestial reference o [Charlote ]

system adopted by the International
Astronomical Union (IAU)

* The ICRF is arealization of the ICRS using
celestial reference sources. It is a set of
coordinates of these objects derived from
observations

m
= |
3
o
=
m

5
wn
o
0
o
3

T
=

&
S
=
>
X,
(%]
3
Q
L

* Current Realization is ICRF3 (2019)

ICRF3 Facts & Figures: — ——
15 million S/X + X/Ka + K-Band VLBI observations
* Three catalogs of sources:
 S/X: 4536 source; X/Ka: 678 sources, 824 (K) sources.
» 38.5years of data
* 167 telescopes @126 sites from the IVS, VLBA, DSN &
others contributed

No. Sources

HAYSTACK - -
OBSERVATORY Error (mas)



VLBI as Matchmaker

ICRF3 S/X

Defining

SLR «GNSS (ODORIS

Earth Rotation axis

Reference meridian

Equator

Terrestrial Reference Frame

HAYSTACK
OBSERVATORY



Earth Orientation Parameters (EOP)

Precession and Nutation

* Precession/Nutation refers to the orientation of the spin
axis in inertial space. The difference between P/N is the
time scale and the origin of the effect.

Pole of the ecliptic

,// Polar Motion

W Earth’s figure axis * Polar motion refers to the motion of the spin axis in an
/ ClO Earth-fixed frame (‘relative to its crust’).
4

- ITRS pole
UT1/LOD

e UT1is atime scale based on the actual rotation of the
Earth; in other words, one “UT1 day ”’ corresponds to
one full rotation of the Earth .

* Variations of the Earth’s angular velocity are expressed
as d(UT1-UTC) or as the change in the length of day 4
LOD.

A LOD =d(UTC1-UTC)/dt

[Krynski 2004]

L %
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EOPs — Scale of motions

Instantaneous

pole of ecliptic instantaneous ;
pole of rotation

----.__pole of rotation

Earth's axis

Earth's orbit

Earth's orbital plane

* Periods * Periods * Periods
* Precession: ~26000 yrs e Chandler wobble ~430 * Annual, semi-annual,
* Nutation: ~18 yrs days, annual and Chandler wobble ~430,
 Scale of motion irregular variation annual, tidal, fortnightly,
* Precession: ~1.5 km/yr * Scale of motion nodal
* Nutation: ~600 m * Typically, a few meters * Scale of motion
on the surface * 1secondofdUT1=464

meters of shiftin
e |C : geos-ore longitude



UT1 from VLBI

* [VSrunsthe so-called
intensive sessions (INT1,
INT2, etc) almost every
day with VGOS and S/X

legacy stations.

UT1-UTC / finals.all - Bulletin A value / IAU2000

o
@
2
)
2
=
)
o
2

<‘quasar

fronts

« USNO provides rapid
predictions using AAM.

00
‘quasar
o0

* UT1 predictionsin 1-5
days in advance is
crucial for many users.

wave-
fronts

[www.iers.org] [Hobiger et al., 2010]

HA TACK
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https://www.haystack.mit.edu/wp-content/uploads/2021/05/TOW2021_Stamatakos.pdf
https://www.haystack.mit.edu/wp-content/uploads/2021/05/TOW2021_Stamatakos.pdf

Major climate events affects Earth’s rotation

Convective
Circulation

[Gipson 2016]

* ELNino and La Nina produce a strong signal in the Earth's rotation (after
removing tidal, seasonal & long-period terms)

K
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Why is tracking Earth's rotation important?

= QNN Climate Solutions Weather = @NN/World Africa Americas Asia Australia China Europe India More ® Watch  §) Liste

Potlatr_ ice |i'f’ melting and _:::i_ngin% E?frth’s Humans pump so much groundwater that Earth’s
ga"_"""shv’_"?‘ss'"g with time itse axis has shifted, study finds

() 4 minute reac

nature . .
Explore content v About the journal v  Publish with us v Geop h ys ICG I Resea rc h Lette rs

Research Letter (3 OpenAccess © ® G &
Article d: 27 March 2024

Aglob.altimékeébingproblempostponedbyglobal Drift of Earth's Pole Confirms Groundwater Depletion as a
warming Significant Contributor to Global Sea Level Rise 1993-2010

Duncan Carr Agnew &

Ki-Weon Seo i24, Dongryeol Ryu, Jooyoung Eom, Taewhan Jeon, Jae-Seung Kim, Kookhyoun Youm

Nature 628, 333-336 (2024) | Cite this article
Jianli Chen, Clark R. Wilson

15k Accesses | 18 Citations | 2722 Altmetric | Metrics

First published: 15 June 2023 | https://doi.org/10.1029/2023GL103509 | Citations: 15

* Earth's pole shifted 4.36 cm/yr toward 64.16°E from

* Increased melting of ice in Greenland and Antarctica,
1993 to 2010 due to groundwater loss and sea levelrise.

measured by satellite gravimetry and altimetry, has

decreased the angular velocity of Earth more rapidly
than before *  When groundwater loss is included, predicted pole drift

* Forexample, if the Greenland ice sheet melts closely matches observations.

completely
* Sealevel would rise by 7 meters (23)
* The length of the day would be 2 milliseconds

longer (https://climate.nasa.gov)



https://www.cnn.com/2024/03/27/climate/timekeeping-polar-ice-melt-earth-rotation/index.html
https://www.nature.com/articles/s41586-024-07170-0

Satellite altimetry and TRF

The orbit of the
altimetry-dedicated
satellite is determined
with high precision using
GNSS, SLR and DORIS

GNSS 4

satellite fy

altimetric

DORIS : ‘ range

station A
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From the precise
satellite orbit, the
altitude of the satellite
above a global
ellipsoid is derived

satellite
altitude

sea
surface

ellipsoid

sea floor

A radar altimeter on-
board the satellite
permanently transmits
signals to Earth and
receives the return
signals after reflection
at Earth's surface

v

The primary
measurement is the
time taken by the radar
pulse to travel from the
satellite antenna to the
surface and back to the
satellite receiver

2

The range, or distance
between the satellite
and Earth's surface is
approximately equal to
one-half of the two-way
travel time multiplied by
the speed of light

v

The difference between
the satellite altitude and
the altimetric range
provides the surface
height with respect to
the same ellipsoid

The satellite’s altitude above a global reference

ellipsoid is determined from orbit computations
within a geocentric reference frame, such as the
International Terrestrial Reference Frame (ITRF).

« TOPEX/Poseidon (1992-2006) altimeter
mission revolutionized oceanography in the
same way as the Hubble Space Telescope
revolutionized astronomy.

* |CESat/CryoSAT helped obtain the snow and
ice surface measurements to understand
the cryosphere process.

(1) Ocean currents: +/-2m

(2) ENSO (ELNino, La Nina): +/- 20 cm
(3) Oceantides: e.g. M2: 130 cm

(4) The ocean geoid: many meters

)

5) Changes in Mean Sea Level: 3.4 mm/yr



How well do we know the global sea-level-rise rate?

* The precise orbits for Topex
and Jason-1/2/3, all
TOPEX computed in a consistent
Jason-1 global reference frame, are
IS used to compute the global
o Sentinel-6 MF change in mean sea level

g Sai il from satellite ocean radar

- Quadratic Fit

Average Rate: 3.5 altimeter data

Acceleration: 0.083 + 0.025 mm/y?

E
E
-
1)
=

* Next-generation sea level
measurements reCIUire a
global reference frame

University of Colorado 2023 rel2 daccuracy of 1 mm with a
Seasonal Signals Removed Stab|l_|ty Of 0.1 mm/yr

Source: https://sealevel.colorado.edu/data/2023rel2
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Understanding global mean sea level (GMSL)

Total GMSL: ~3.35 mml/y
(measured by satellite
altimetry)

1.3 mm/year THERMAL EXPANSION TREND, 2005-2019
2.1 mm/year MASS INCREASE TREND, 2002-2019
3.3 mm/year TOTAL SEA LEVEL TREND, 1993-2019

THERMAL EXPANSION + GLOBAL OCEAN MASS

Mass components ~2.1 mm/yr
(Measured by GRACE &
GRACE-FO)

\/\ 52.8 mm 5
GLOBAL OCEAN MASS\‘ "
(GRACE/GRACE-FO) S

32.2 mm
GLOBAL MEAN SEA LEVEL

(ALTIMETRY)

SEA LEVEL RISE (MILLIMETERS)

N

THERMAL EXPANSION

18.9 mm (ARGO)

11.0 mm

0 mm

1993 2000 2005 2010 2015 2020

Sources: GSFC/PO.DAAC; JPL; NOAA

Thermal
expansion:
~1.3 mm/yr

B (measured by
Tt “ Argo ocean
floats)

https://sealevel.jpl.nasa.gov/

https://argo.ucsd.edu/



Requirements for satellite altimetry and sea surface height measurement

s b * A stable and accurate reference
”)‘7 ” frame is required across the
observation period

satellite

e o e * POD needs <10 mm radial orbit
T aion M accuracy (RMS)

ellipsoid

sea floor
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Contents lists available at ScienceDirect
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Tectonophysics

&
EI SEVIER journal homepage: www.elsevier.com/locate/tecto

Microatolls document the 1762 and prior earthquakes along the southeast = )
coast of Bangladesh e
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2 School of Earth and Environmental Sciences, Queens College, City University of New York, Flushing, NY 11367, USA 1
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Two quotes from ITRF2014/2020 papers

“VLBI in particular needs to evolve
toward more frequent global

observational session schedules, =
with an increased number and well=5=
distributed stations.”

“Improving the geodetic
Infrastructure is a prerequisite for
long-term sustainability and
accuracy of the ITRF, as recognized
by the United Nations General y
Assembly resolution (2015) on the
global geodetic reference frame for ,
g, SUStainable development.”
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Mondal et al.,
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Thank you!!
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