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VARION (Variometric Approach for Real-Time Ionosphere Observation)

Savastano, G. et al. Real-Time Detection of Tsunami Ionospheric Disturbances with a
Stand-Alone GNSS Receiver: A Preliminary Feasibility Demonstration. Sci. Rep. 7, 46607;
doi: 10.1038/srep46607 (2017).
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VARION (Variometric Approach for Real-Time Ionosphere Observation)

VARION Algorithm for Real-Time TIDs Detection
Idea

I designed in 2015 at University of Rome “La Sapienza”, VADASE team
I developed and validated in 2016 in collaboration with the Jet Propulsion

Laboratory, Ionospheric and Atmospheric Remote Sensing Group

Methodology
I Variation of the sTEC

I double frequencies phase observations (1s, 15s, 30s)
I geometry free combination (L4), remove the geometry, clocks and all

non-dispersive effects
I time single differences of geometry free observations remove phase

ambiguity and IFB, assumed as constant for a given period
I cycle slips detected as outliers

I Total sTEC determination
I Integration of variations of the sTEC
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Algorithm

Algorithm (1/2)
Carrier-Phase observation

L S
iR (t) = ρ S

R (t) + c(δtR(t)− δtS(t)) + T S
R (t)− I S

iR (t) + λiN S
iR (t)+

+ p S
R (t) + m S

iR (t) + ε S
R (t) (1)

Geometry-free Combination Equation

L S
4R(t) = L S

1R(t)− L S
2R(t) = −I S

1R (t) + I S
2R (t) + λ1N S

1R (t)− λ2N S
2R (t) (2)

Geometry-free Time Single-Difference Observation Equation

L S
4R(t + 1)− L S

4R(t) = f 2
1 − f 2

2
f 2
2

[
I S
1R (t + 1)− I S

1R (t)
]

(3)
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Algorithm

Algorithm (2/2) - TEC Estimation

TEC variations between two consecutive epochs

δTEC(t + 1, t) = f1
2f2

2

A(f12 − f22)

[
L S

4R(t + 1)− L S
4R(t)

]
(4)

Total derivative of TEC with respect to t
δTEC(t, s)

δt = ∂TEC(t, s)
∂t + ∂TEC(t, s)

∂s
∂s
∂t (5)

TEC time series ⇒ Traveling Ionospheric Disturbances (TIDs)

∆TEC(tf , t0) =
∫ tf

t0

δTEC(t, s) (6)
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Queen Charlotte Island (Haida Gwaii) 2012 event

Haida Gwaii 2012 Earthquake and Tsunami Event
I Mw 7.8 earthquake at 2012-10-28 03:04:08 UTC
I Tsunami arrived at the Hawaii Islands in approximately 5:30 h
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Queen Charlotte Island (Haida Gwaii) 2012 event

Time Convolved Variations in TEC

Processing
I 56 GPS stations
I 7 satellites in view
I from 8:00 to 10:00 UT

G. Savastano, A. Komjathy, O. Verkhoglyadova, L. Sparks, Y. Bar-Sever, A. J. Mannucci, Y. Wei, A. Mazzoni and M. Crespi
Mar 2nd 2017 10 / 21



Outline Real-Time Detection of TIDs Applications and Results (R-T Scenario) Real-Time Implementation Tests Tsunami Early Warning System

Queen Charlotte Island (Haida Gwaii) 2012 event

G. Savastano, A. Komjathy, O. Verkhoglyadova, L. Sparks, Y. Bar-Sever, A. J. Mannucci, Y. Wei, A. Mazzoni and M. Crespi
Mar 2nd 2017 11 / 21



Outline Real-Time Detection of TIDs Applications and Results (R-T Scenario) Real-Time Implementation Tests Tsunami Early Warning System

Queen Charlotte Island (Haida Gwaii) 2012 event

G. Savastano, A. Komjathy, O. Verkhoglyadova, L. Sparks, Y. Bar-Sever, A. J. Mannucci, Y. Wei, A. Mazzoni and M. Crespi
Mar 2nd 2017 12 / 21



Outline Real-Time Detection of TIDs Applications and Results (R-T Scenario) Real-Time Implementation Tests Tsunami Early Warning System

Amberley, New Zealand Tsunami, November 13, 2016

New Zealand 2016 Earthquake and Tsunami Event
I Mw 7.8 earthquake at 2016-11-13 11:02:56 UTC
I Tsunami arrived at the Gambier Islands in approximately 6:00 h
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Amberley, New Zealand Tsunami, November 13, 2016

Real-Time VARION Processing - Galileo

Data Stream from files
I PRN=E201, Station: GAMB
I obs rate: 1 Hz

Real-Time Implementation
I VARION Algorithm

FIR filter - High Pass filter
I Transitory Phase:

I ' 35 min (2048 epochs)

G. Savastano, A. Komjathy, O. Verkhoglyadova, L. Sparks, Y. Bar-Sever, A. J. Mannucci, Y. Wei, A. Mazzoni and M. Crespi
Mar 2nd 2017 14 / 21



Outline Real-Time Detection of TIDs Applications and Results (R-T Scenario) Real-Time Implementation Tests Tsunami Early Warning System

Outline

Real-Time Detection of TIDs
VARION (Variometric Approach for Real-Time Ionosphere Observation)
Algorithm

Applications and Results (R-T Scenario)
Queen Charlotte Island (Haida Gwaii) 2012 event
Amberley, New Zealand Tsunami, November 13, 2016

Real-Time Implementation Tests
Queen Charlotte Island (Haida Gwaii) 2012 event
Amberley, New Zealand Tsunami, November 13, 2016

Tsunami Early Warning System
Stand-Alone Ground Based TEC estimation

G. Savastano, A. Komjathy, O. Verkhoglyadova, L. Sparks, Y. Bar-Sever, A. J. Mannucci, Y. Wei, A. Mazzoni and M. Crespi
Mar 2nd 2017 15 / 21



Outline Real-Time Detection of TIDs Applications and Results (R-T Scenario) Real-Time Implementation Tests Tsunami Early Warning System

Queen Charlotte Island (Haida Gwaii) 2012 event

Real-Time VARION Implementation

Data Stream from files
I PRN=7, Station: AHUP
I obs rate: 1 Hz

Real-Time Implementation
I VARION Algorithm
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Amberley, New Zealand Tsunami, November 13, 2016

Real-Time VARION Implementation

Data Stream from files
I PRN=10, Station: GAMB
I obs rate: 30 s

Real-Time Implementation
I VARION Algorithm
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Stand-Alone Ground Based TEC estimation

Tsunami Early Warning System - Ground-GNSS
observations

Real-Time Capabilities
I VARION algorithm ⇒ sTEC time series
I 5σ confidence level ⇒ sTEC background noise
I broadcast ephemeris ⇒ IPPs distance from the epicenter
I pre-computed tsunami propagation database (NOAA) ⇒ tsunami

characteristics

Goals
I Real-Time Tsunami TIDs Detection
I Risk Assessments and Maps
I implement VARION in a real-time GNSS system
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Stand-Alone Ground Based TEC estimation
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Stand-Alone Ground Based TEC estimation

Thanks for your attention
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