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Agenda of the Meeting

1. Brief Introduction (Francesco)

2. GNSS  PPP data processing strategies (JD) 

3. Data filtering and LSET estimation (FV) 

4. LSET vs GSET geodetic comparison  ( JD)      

5. Scripts to prepare tectonic & EQ dataset (GN) 

6. Geophysics framework: Tectonics & Tides (CD)  

7. Results of LSET for Tectonics (FV) 

8. Seismicity framework (CD) 

9. Geophysics framework: Earthquakes & Tides  (CD); 

10. Results of LSET & Earthquakes Hazard (FV); 

11. Volcanoes framework & Results (GN, FV);

12. Conclusions, Recommendations and Perspectives (FV, All);  

13. Final Discussion (All)      
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Objectives of TILDE
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1. Opportunity to estimate coordinates 
of GNSS by using PPP absolute 
approach;

2. Investigate if it can be defined a Local 
behaviour of SET which depend on 
position over Earth. In geodesy is 
currently applied IERS-2010 SET 
global model;  

3. Understand if there is a correlation 
between LSET and Tectonics, 
Seismicity and Volcanic 
activities/hazards   
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GNSS processing design & scenarios
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ÅGNSS processing preparation
ÅNetwork & site selection, data & metadata download, quality control

ÅTesting and optimizing the processing strategy

ÅTesting and comparing potential precise products

ÅGNSS processingdesign (initial testing)
ÅChecking coordinates residualsand repeatability

ÅSpecific processing variants(sub-daily/weeklysolutions)

ÅDefining exchange format, data filtering

ÅGNSS processingresults (1st and 2nd run)
ÅLong-term global vs. high-resolution regional production

ÅSpecific variants for the solid earth tide modelling

ÅEvaluation of the results
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Site selection, data/metadata collection

6
Tidal Interplate LithosphericDeformationof Earth(TILDE) Project III MS

ÅStation selection:global data, hazard area, super-sites, long-time series, 

ÅData centers:IGS, UNAVCO, EUREF, RING, GEONET (NZ), USCD/SOPAC

ÅMetadata:site-log files

ÅData:RINEX 2 (GPS+GLO) + RINEX 3 (+ Galileo)

ÅPeriod:as long as possible (optimally 2000-2020)
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GNSS data quality control (QC)
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Tidal Interplate LithosphericDeformationof Earth(TILDE) Project III MS

ÅSoftware: G-Nut/Anubis Pro 3

ÅProcessing all collected RINEX v2 and v3 for quantitative, qualitative and complex control

ÅVisualizing key parameters for minimalistic plots (to easy cross-check with PPP solutions)
Å# GNSS, Data length, Have/Exp observations (0deg/15deg), minimum elevation angle

ÅCollecting key info on sites, evolution of data (observation/system availability, data quality, quantity)

GLONASS tracking start, 2002

Galileo tracking start, 2018

RINEX 2 RINEX 3
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GNSS data QC ςtypical plots
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GNSS data QC ςproblematic examples
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Processing design - scopes & goals

SUPERSITE solution (as long as possible)
few selected stations (or dual-stations)

Č Essential for strategy testing and validation

GLOBAL solution (2000-2020, or as long as possible)
as many as possible stations (optimally all)
basic solution variants (GPS+GLONASS all the time,  +Galileo)

Č Essential for generating long-term homogeneous coordinate time-series worldwide

REGIONAL solution(2015-2020, or longer if possible)
specific areas/stations for geohazard monitoring
additional solution variants (focus on multi-constellation, sub-daily sampling, etc.)

Č Essential for correlation to geohazard assessment

Optimizing the processing strategy:
Sampling:observation data, resulting coordinates
Strategy: window, observations, parameter setup, models, multi-constellation etc.
Inputs :RINEX 2/3, precise products, precise models

10
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Processing design ςoptimizing strategy

Processing time vs. processing sampling rate:
ÅThe mean processing time of daily solutions 

at each site over the years.
Å30/60/90/150/300/600/900s data sampling
Č 300s interval accepted

Accuracyvs. processing sampling rate:
Å30/60/90/150/300/600/900s data sampling 
Č 300s interval accepted

11
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Processing design ςselecting products (1)

Candidates: IGS, individual ACs Repro2 (<2013, <2015) and operational production
Å Comparison of precise products from IGS and selected ACs: ESA, JPL, EMR,GRG,CODE

Å GPS-only solution

ÅWorse performance of the IGS products, namely due to satellites clock corrections
Å robustness of the combination process, AC systematic errors, clock alignment, etc. 

Č CODE Repro2 & operational products acceptedat that time  
+ advantage: GPS+GLONASS available for long-term series

12
Tidal Interplate LithosphericDeformationof Earth(TILDE) Project III MS
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2000 2010 2019
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Processing design ςselecting products (2)

Repro3 has been finished by several IGS ACs(we contacted CODE and ESA ACs)
Å Comparison: CODE Repro2/oper × CODE Repro3 (2000ς2020)

Å Initial test of the CODERepro2 (CODE_2015) precise products with the new CODE Repro3
Å CODE R3 is consistent throughout the entire period (2000-2020), but for the first year the clock files (still missing)

we also observed offset in height compared to existing solution (e.g. IGS, EUREF), probably due to new scale & scale rate in ITRF2020!

Å No IGS combination, just first (external) validation of the CODE R3 product (few issues in 2000-2001)

Č CODE Repro3 selected for the final solution(no need for operational products)
further advantage:GPS+GLONASS+Galileosupport, ATX with Galileo PCV, high-resolution products, attitude models, phase+codebiases ...

13
Tidal Interplate LithosphericDeformationof Earth(TILDE) Project III MS
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CODE Repro3 ςinitial processing test

Supersites:
Repro2 ςRepro3 differences:

14
Tidal Interplate LithosphericDeformationof Earth(TILDE) Project III MS
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GOPE

MATE

Site observations quality Operational product

Repro3 > Repro2
Repro3 > oper

ITRF2014 + IGS14!
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CODE Repro3 ςinitial processing test
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WTZR

ZIMM

PCV model

Supersites:
Repro2 ςRepro3 differences:
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Completing the processing strategy

GNSS/PPP: 
Å Software: G-Nut/Geb software
Å Iono-free linear combination (+testing raw-model)
Å float ambiguity resolution (+testing ambiguity fixing)
Å CODE Repro3 satellite orbits & clocks
Å GOP's consolidated multi-GNSSbroadcast orbits (identify healthy satellites)
Å IERS Conventions2010 solid Earth tides and ocean tide loading (+ enabling on/off settings)
Å ATX for Repro3 (incl. Galileo satellite models) 
Å OTL model for selected stations ςFES2014b
Å Estimated parameters:
Å Station coordinates
Å Receiver clock + inter-system biases (+ inter-frequency biases)
Å Initial carrier-phase ambiguities as float numbers (+ initial ambiguities resolved to integers)
Å Zenith tropospheric delays + horizontal linear tropospheric gradients

16
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CODE Repro3 ςmulti-GNSS processing

GPS only / GPS + GLONASS
Å Combined GPS + GLONASS solution provides better results compared to GPS-only
Å Combination of GPS + GLONASS used for the SUPERSITE and GLOBAL variants for the period 2000-2020

17
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CODE Repro3 ςoptimizing strategy

Optimizing processing strategy:
GPS only / GPS + GLONASS/ GPS + GLONASS + Galileo
Inclusion of multi-GNSSobservations improves the solution accuracy
Combination of GPS + GLONASS + Galileo used for the period 2015-2020
Galileo used only from RINEX 3 data

18
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GNSS ▼╝ [mm] ▼╔[mm] ▼╤[mm] ▼ ╓[mm]

GPS 1.8 2.4 6.8 7.4

GPS + GLO 1.6 1.9 6.3 6.7

GPS + GAL 1.6 2.7 5.2 6.1

GPS + GLO + GAL 1.4 2.3 4.9 5.6

WTZR
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Results ςcoordinate time series

Resulted coordinates compared to an internal LSM model
Internal LSM model applies a coordinate offset, linear trend, annual + semi-annual harmonic and steps 
(receiver antenna changes, earthquakesΣ Χύ
Residuals expressed in local topocentric coordinates in North, East, Up directions

19
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Results ςyearly coordinate repeatability

East component less accurate than North component due to the float ambiguity estimation
For CODE Repro3, the accuracy is more consistent over the full processing interval

Degradations exists due to individual station data (the contribution from the product well reduced)

20
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Sub-hourly coordinate solution

Processing on daily basis (a standard strategy):
daily analysis = daily data and precise product, no reset of any parameters (reference solution)

Processing on weeklybasis (a combined strategy):
weekly analysis = daily data and precise product, reset coordinates on a daily basis (reset of coordinates and/or ambiguities)
weekly combination = either a rigorous variance-covariance combination or a pure statistical weighted mean

Processing on sub-daily basis (an optimized strategy):
sub-daily analysis = daily data and products, reset coordinates (only!) on a sub-hourly basis 
hourly solution significantly improved (by a factor of 1-3)Č ǘƘŀƴƪǎ ǘƻ ŜȄǇƭƻƛǘƛƴƎ ΨŎƻƴǘƛƴǳƛǘȅΩ ƛƴ ŜǎǘƛƳŀǘŜŘ !a.Σ ½¢5Σ Dw5
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Interval ▼╝ [mm] ▼╔[mm] ▼╤[mm]

24 h 2.0 2.3 5.0

12h 2.9 3.7 7.5

6 h 3.7 4.8 8.9

3 h 4.5 6.9 10.3

1 h 16.3 21.2 19.3

Interval ▼╝ [mm] ▼╔[mm] ▼╤[mm]

24 h 2.1 2.4 5.2

12h 3.0 3.7 8.2

6 h 4.0 4.8 10.6

3 h 5.3 6.2 13.1

1 h 6.9 7.9 14.1

Original solution(actual processing window) Weekly solution with a sub-daily coordinates reset
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2nd GNSS processing ςspecific variants
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ÅGNSS processing
Åfor Solid Earth Tide modelling (TECT)
Åfor tectonic hazards (TECT)
Åfor volcanic hazards (VOLC)

ÅNetworks:
ÅTECT: global + supersites
ÅVOLC: regional (Stromboli, Volcano, Etna, Vesuvio from INGV)

ÅStrategies:
ÅSET-ON ςsolid earth tides (full model)
ÅSET-DI ςsolid earth tides (full model without 2nd step long-ǇŜǊƛƻŘ ŎƻǊǊŜŎǘƛƻƴǎ ΨǎнƭƻΩύ
ÅSET-OFF ςno solid earth tides model (i.e. switched off)
Å1-day ×3-hour solutions
Åfloat × fixed ambiguities
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Global solution: SET model & tectonic studies
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ID Stations Tides CRD/data Period Comment

TECT_FL_1D_SET_ONglobal + super SET_ON 1 day / 300 s 2000-2020 Float ambiguities, ionosphere-free linear combination

TECT_FL_1D_SET_DI global + super SET_DIU 1 day / 300 s 2000-2020 Float ambiguities, ionosphere-free linear combination

TECT_AR_1D_SET_ONglobal + super SET_ON 1 day / 300 s 2000-2020 Fixed ambiguities, uncombined/undifferencedobservations

TECT_AR_1D_SET_DIglobal + super SET_DIU 1 day / 300 s 2000-2020 Fixed ambiguities, uncombined/undifferencedobservations

Tidal Interplate LithosphericDeformationof Earth(TILDE) Project III MS
May 1, 2024
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Coordinate series (reduced by linear trend)
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MATE
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Coordinate series (reduced trend / SET-DIU)
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MATE
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Coordinate series (reduced by linear trend)
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ZIMM
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Regional solution for volcanic studies
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ID Stations Tides CRD/data Period Comment

VOLC_FL_3H_SET_ONRING+INGV SET_ON 3-hour/30 s 2013, 2014, 2017 Float ambiguities, ionosphere-free linear combination

VOLC_FL_3H_SET_XXRING+INGV SET_OFF 3-hour/30 s 2013, 2014, 2017 Float ambiguities, ionosphere-free linear combination

VOLC_AR_3H_SET_ONRING+INGV SET_ON 3-hour/30 s 2013, 2014, 2017 Fixed ambiguities, uncombined/undifferencedobservations

VOLC_AR_3H_SET_XXRING+INGV SET_OFF 3-hour/30 s 2013, 2014, 2017 Fixed ambiguities, uncombined/undifferencedobservations

Vesuvio

Stromboli

Volcano

Etna

VesuvioStromboli

Volcano Etna
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Coordinate series (reduced by linear trend)
Volcano
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