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* 1988: Georgiadou and Kleusberg “On carrier signal multipath effects in relative 

GPS positioning”    

* “extreme multipath interference can render useless GPS observations for 

precise positioning applications”  

GNSS-R History

GNSS-R  Interference patterns from a planar 

surface below an antenna had a distinct 

frequency related to the height of the antenna 

above the surface.
1986 (~4)

2024 (45)



SNR Oscillation Frequency

High Tide

Low Tide

Surveying / Geodesy 

GNSS-R

Surveying / Geodesy 

GNSS-R



AT01



* 2017: Larson et al. 10-year comparison at Friday Harbor, Washington, between 

a GPS-IR analysis and collocated tide gauge (350 m SE) showed daily 

averages to be in agreement at the 2-cm level

GNSS-R History

SC02 (Friday Harbor) GPS 



My Start with GNSS-R
Shelter Cove, CA RECON

December 1-4, 2022



Shelter Cove, CA



Shelter Cove GNSS-R Data
Shelter Cove GNSS-R

Tide Data



* Algorithm Development – (Strandberg INVSNR)
* 2.0 Kalman Filter latency 15 min.
* Quality Control / Quality Assurance

* Low Power setup with real-time communication

* Automated near real-time processing with data access

* Address NWLON Gaps with ACORN

Going Forward



Automated processing – AT01

2020 SNR GPS Only 



Automated processing – AT01

2020 SNR GPS Only 

?



Automated processing – AT01

2024 INVSNR GNSS



Automated processing – AT01

Combining data from different GNSS systems enhances spatial 
and temporal coverage => increased precision.



Automated processing – AT01



Automated processing – NOME

NWLON

GNSS-R



Automated processing – NOME



Automated processing – NOME

NOME Harbor 2/20/24



Automated processing – NOME



Automated processing – AWS

Let’s do this via the Internet 

http://35.160.34.69:3000/d/e1b71fce-6a58-405e-9533-f44cf593b02b/gnss-r-water-levels?orgId=1


Data Access – ERDAP



Data Access – AOOS



* Algorithm Development – (Strandberg INVSNR)
* 2.0 Kalman Filter latency 15 min.
* Quality Control / Quality Assurance

* Low Power setup with real-time communication

* Automated near real-time processing with data access

* Address NWLON Gaps with ACORN

Going Forward

✓



*

Address NWLON Gaps with ACORN*

* ACORN – Alaska's Continuously Operating Reference Network (ACORN)

Sitka SKAA GNSS

Cordova CDVA GNSS

Kake KAKE GNSS

Hoonah HNAH GNSS

Angoon ANGN GNSS

Tenakee Springs TNKE GNSS

NWLON Gaps

Peter Flint 
State of Alaska
Department of Natural 
Resources (3:30 Today)

https://storymaps.arcgis.com/stories/72e4d646b51a4c56bddcc0ecc9f16ecd
https://portal.ct.gov/-/media/DOT/documents/AEC/Const_Inspection/ACORN_FAQ.pdf


*

Address NWLON Gaps with ACORN*

Craig

Wrangell
Whittier WHTR GNSS-R

Craig CRG1 GNSS-R

Wrangell WRGL GNSS-R

Site Considerations

Power 

Obstructions

Security 

Data Transfer 

Stability 

Maintenance

.

.

GNSS-R



*

NWLON Gaps CRG1

AZ 265 -60 ELEV 3-15 

Craig has been identified as an 
NWLON coverage gap despite 
Tsunami Tide Gauge 9450522.

GNSS-R & 9450522 Tide 11/10 – 12/12 

AWS GNSS-R Processing 2/08-2/21  



*

NWLON Gaps CRG1
CRG1 GNSSR - 9450522 MWWL Residual 

11/08 to 12/10 2023

Residual Plot 

0.05 m

11/28 0:00 to 12:00 Plot 
MWWL 

GNSS-R 



*

NWLON Gaps CRG1

CRG1 GNSSR - 9450522 MWWL Residual 
11/08 to 12/10 2023



*

NWLON Gap WRGL

AZ 155 –345 ELEV 3-10 

GNSS-R & Predicted Tide 11/22 – 12/01 

AWS GNSS-R Processing 2/08-2/21  



NWLON Gap WRGL
11/07/2023

945 1204 Wrangell Alaska 

https://tidesandcurrents.noaa.gov/datums.html?id=9451204


*

NWLON Gap WRGL
11/07/2023

945 1204 Wrangell Alaska 
Datum from 30 days of data in 2001

New Datum Requirements: 

Recover / Refurbish benchmark network 

Level tie to GNSS antenna 

MWWL data for “ground truth”

Power and Communication in place 

NOAA’s acceptance of tide data for NWLON - ?
GNSS-R & Predicted Tide 

https://tidesandcurrents.noaa.gov/datums.html?id=9451204


* Algorithm Development – (Strandberg INVSNR)
* 2.0 Kalman Filter latency 15 min.
* Quality Control / Quality Assurance

* Low Power setup with real-time communication

* Automated near real-time processing with data access

* Address NWLON Gaps with ACORN

Going Forward

✓

✓



Low Power Setup

Components 

Simple RTK 3 (Septentrio Mosaic) GNSS Receiver with Ethernet 

Sierra Wireless Cell Modem 

Tallysman Veraphase 6000 GNSS Antenna

Power Requirements 

GNSS 0.6 W typical 1.1 W Max 

Cell Modem 2 W 

.

.

ChatGPT Power Consult 

Data dropouts due to power 

failures. X2 on the power 

requirements for the next iteration 



Low Power Setup
Still need to tune these parameters 
"station": "bura",

"lat": 29.350609,
"lon": -89.539937,
"ht": -21,
"antenna": "TWIVP6050_CONE_NONE.atx",
"peak2noise": 5,
"chunk_days": 5,

"knot_spacing_hours": 3,
"rhlims": [2.0, 3.0],*
"sectors": [{"elvlims": [2.0, 12.0], "azilims": [160, 340]}]

ISSUES:
Power
Reflector height – Is there a lower limit? 
Mountain Village – Low bank on the Yukon River – FAIL 
Buckland 3 meter bank on the Buckland River - Excellent  
Signal Interference
Too many reflecting surfaces around the antenna? 

GNSS

Antenna



* Algorithm Development – (Strandberg INVSNR)
* 2.0 Kalman Filter latency 15 min.
* Quality Control / Quality Assurance

* Low Power setup with real-time communication

* Automated near real-time processing with data access

* Address NWLON Gaps with ACORN

Going Forward

✓

✓

✓



Algorithm Development

GNSS SNR Measurements



Algorithm Development
Spectral Analysis 
SNR data 1 RH per arc

INVSNR SNR from physics - SNR from the receiver = 0

Physical model to analyze SNR data
B-spline representation of sea level over time. 
Nonlinear least squares fit for parameter estimation.

Strandberg, J., Hobiger, T., & Haas, R. (2016). Improving GNSS-R sea level 
determination through inverse modeling of SNR data. Radio Science, 51(3), 
289–301. DOI: 10.1002/2015RS005817

Spectral Analysis 



Algorithm Development
Processing Nuances – Knot Spacing



Algorithm Development
Processing Nuances – Near Realtime Data Quality 



Algorithm Development
Processing Nuances – Near Realtime Data Quality 





Algorithm Development
Results GLBX 

1 sigma +/- 0.016
2 sigma +/- 0.032

Comparing 14 months of data



Algorithm Development
Results WHTR 

1 sigma +/- 0.06
2 sigma +/- 0.12



Algorithm Development
Results BUCK 

1 sigma +/- 0.011
2 sigma +/- 0.022



Algorithm Development
Results BUCK 

G1—residual 0.003

Can GNSS-R see the nonlinear response of the PAROS gauges at Buckland during a 2-

meter rise in the water level?  

G2-residual 0.001~ .005 m change in 

gauge difference



Tide Sentinel 3 



Tide Sentinel 3 



Orbit Errors 
Clock Errors 
Signal Delay Errors

Ionosphere
Troposphere

Local Errors -
Multipath

PPK 

GNSS
TBC 



PPP GNSS

CSRS 
PRIDE-PPAR Orbit

Clock

Signal Delay

Ionosphere

Troposphere



Iridium

R&D 

Near Real Time 

L Band PPP



R&D 

Near Real Time L Band PPP

GNSS PPP via L Band & Iridium 

*Javad J-Star PPP Spec Sheet



* Algorithm Development 

* Kalman Filter / Machine Learning

* 1 hour Real Time Latency

* Knot Spacing 

* Quality Control / Quality Assurance

* Low Power setup with real-time communication 

* Fugro / NGS 3 sites collocated with DNR Vdatum

* Remote Comms (Iridium / Starlink) 

* Automated near real-time processing with data access 

* Add other UNAVCO and Permanent sites 

* Address NWLON Gaps with ACORN

* Petersburg 

* TBD

Going Forward 2024 GNSS-R



Questions



Source:

Why can’t we just use meters?

26 meters
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