
Regional Workshop on GNSS and Space Weather
9 - 13 May 2022
Rabat, Morocco

Claudio Cesaroni – claudio.cesaroni@ingv.it
Ispired by Gigi (Gg) Ciraolo 

TEC Evaluation from GNSS Measurements

mailto:claudio.cesaroni@ingv.it


Outline
• Ionosphere refractive index

• Total Electron Content

• Geometry-free linear combination of GNSS observables

• TEC calibration and mapping

• Ciraolo (Gigi) calibration technique

• Gigi’s software

• Live session (if we are on time)



To describe the refractive index of the ionosphere, n, we can refer to the  Appleton equation:

The Appleton equation
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The frequency of signals used for positioning has to be selected in order to make the refractive index as close as 
possible to unity (compatibly with international rules and status of art of technology).
Consider 𝑁𝑁 = 1012 ⁄𝑒𝑒 𝑚𝑚3 (a rather strong value)  and 𝜋𝜋 = 1.5 𝐺𝐺𝐺𝐺𝐺𝐺 (representative of GNSS frequencies)

𝑋𝑋 ≈ 1 − 2 ∗ 105

For frequencies used in positioning, it can be used a first order approximation of the Appleton-Hartree formula 

The Appleton equation (GNSS frequencies)
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Using the 1st order expansion, the Optical Path of a GNSS signal travelling from the satellite to a ground 
receiver can be expressed as:

Total Electron Content

Λ = ∫𝑠𝑠𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒
𝑟𝑟𝑒𝑒𝑟𝑟𝑒𝑒𝑎𝑎𝑟𝑟𝑒𝑒𝑟𝑟 𝑛𝑛 𝑑𝑑𝑑𝑑 = ∫ 1 − 40.3𝑁𝑁𝑒𝑒

𝑓𝑓2
𝑑𝑑𝑑𝑑 = 𝑆𝑆 − 40.3

𝑓𝑓2 ∫𝑁𝑁𝑒𝑒𝑑𝑑𝑑𝑑 = 𝑆𝑆 − 40.3
𝑓𝑓2

STEC

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = �
𝑠𝑠𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒

𝑟𝑟𝑒𝑒𝑟𝑟𝑒𝑒𝑎𝑎𝑟𝑟𝑒𝑒𝑟𝑟
𝑁𝑁𝑒𝑒𝑑𝑑𝑑𝑑

Geometric path

1 𝑆𝑆𝑆𝑆𝑆𝑆𝑇𝑇 = 1016 ⁄𝑒𝑒 𝑚𝑚2



Ionospheric Phase (L) and Code (d ) Delays for GNSS



Linear Combination of GNSS Measurements
IONOSPHERE-FREE COMBINATION

It removes the first order (up to 99.9%) ionospheric effect, which depends on the inverse square of the frequency

Positioning Assessment of higher order ionospheric effects

GEOMETRY-FREE COMBINATION

It cancels the geometric part of the measurement, leaving all the frequency-dependent effects (i.e., ionospheric 
refraction, instrumental delays, wind-up) besides multipath and measurement noise

Estimation of ionospheric electron content



Ionospheric Phase (L) and Code (d ) Delays for GNSS

L(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑑𝑑) = Λ
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𝛿𝛿(𝑑𝑑𝑒𝑒𝑐𝑐𝑠𝑠𝑛𝑛𝑑𝑑𝑑𝑑) = 𝑑𝑑𝐿𝐿
𝑑𝑑𝑓𝑓

= 𝑆𝑆
𝑟𝑟

+ 40.3
𝑟𝑟𝑓𝑓2

STEC

L 𝑚𝑚𝑒𝑒𝑚𝑚𝑒𝑒𝑚𝑚𝑑𝑑 = 𝐿𝐿 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑑𝑑 ∗ 𝜆𝜆= 𝑆𝑆 − 40.3
𝑓𝑓2

STEC

𝛿𝛿 𝑚𝑚𝑒𝑒𝑚𝑚𝑒𝑒𝑚𝑚𝑑𝑑 = 𝛿𝛿(𝑑𝑑𝑒𝑒𝑐𝑐𝑠𝑠𝑛𝑛𝑑𝑑𝑑𝑑) ∗c= 𝑆𝑆 + 40.3
𝑓𝑓2

STEC

Under the assumed approximation of the Appleton-Hartree formula:
distance measurements using phase delay and code delay provide with an estimation of actual distance S plus a ionospheric 
contribution which in absolute value is the same for phase and code, but with opposite sign.  



Geometry free linear combination (ideal case)

𝐿𝐿1, 𝑃𝑃1 = 𝑆𝑆 ∓ 40.3 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑓𝑓12

𝐿𝐿2, 𝑃𝑃2 = 𝑆𝑆 ∓ 40.3 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑓𝑓22

How  isolating ionospheric information? Solving the system provided by measurements at two frequencies f1 and f2 at 
advantage of the ionospheric investigator 

𝐷𝐷𝑃𝑃𝐷𝐷 = 𝐿𝐿1 − 𝐿𝐿2= 𝐼𝐼1 − 𝐼𝐼2
𝐷𝐷𝐺𝐺𝐷𝐷 = 𝑃𝑃2 − 𝑃𝑃= 𝐼𝐼1 − 𝐼𝐼2

𝐼𝐼1 − 𝐼𝐼2 = 40.3 1
𝑓𝑓22
− 1

𝑓𝑓12
STEC

But in the real world…



Code and Carrier phase measurements equations

The ionosphere will introduce a delay of the modulation (the code measurement will be larger than in vacuum), and an 
advance of the carrier phase (the carrier phase measurement will be smaller than in vacuum).

i= 𝑐𝑐𝑎𝑎𝑚𝑚𝑚𝑚𝑎𝑎𝑒𝑒𝑚𝑚 𝜋𝜋𝑚𝑚𝑒𝑒𝑓𝑓𝑓𝑓𝑒𝑒𝑛𝑛𝑐𝑐𝑐𝑐 (𝑒𝑒.𝑔𝑔. 𝐿𝐿1, 𝐿𝐿2)



Geometry free linear combination 

Troposphere is a non-dispersive medium, so the tropospheric contribution is cancelled out

STEC= 40.3 1
𝑓𝑓22
− 1

𝑓𝑓12

−1
∗ 𝐼𝐼1 − 𝐼𝐼2 = k 𝐼𝐼1 − 𝐼𝐼2

𝐿𝐿arc 𝑚𝑚 = 𝐿𝐿1 − 𝐿𝐿2 = 𝐼𝐼1 − 𝐼𝐼2 + 𝑆𝑆1 − 𝑆𝑆2 + 𝑐𝑐 𝜏𝜏1,R − 𝜏𝜏2,R + 𝑐𝑐 𝜏𝜏1,S − 𝜏𝜏2,S + 𝜆𝜆1𝑁𝑁1 + 𝜆𝜆2𝑁𝑁2 + 𝜖𝜖L

𝐿𝐿arc[𝑆𝑆𝑆𝑆𝑆𝑆𝑓𝑓] = sTEC + 𝐵𝐵R + 𝐵𝐵S + 𝑆𝑆arc + 𝜀𝜀𝐿𝐿 𝐵𝐵R = 𝑐𝑐 𝜏𝜏1,R − 𝜏𝜏2,R 𝑘𝑘 𝐵𝐵S = 𝑐𝑐 𝜏𝜏1,S − 𝜏𝜏2,S 𝑘𝑘

𝑆𝑆arc = 𝑘𝑘 𝜆𝜆1𝑁𝑁1 + 𝜆𝜆2𝑁𝑁2 𝜀𝜀𝐿𝐿 = 𝑘𝑘𝜖𝜖L

The meaning of Arc in radio observations, as a series of observations carried out with continuity from one
station to one satellite. Continuity: presence of satellite over the horizon of the station (astronomical arc) , no
loss of lock for phase or code.
If not recoverable loss of lock occurs, two distinct arcs will be considered also if observations belong to the
same "astronomical" arc.



Geometry free linear combination (phase vs code) 

Phase observables GFLC

𝐿𝐿arc[𝑆𝑆𝑆𝑆𝑆𝑆𝑓𝑓] = sTEC + 𝐵𝐵R + 𝐵𝐵S + 𝑆𝑆arc + 𝜀𝜀𝐿𝐿 𝑃𝑃 = sTEC + 𝑏𝑏R + 𝑏𝑏S + 𝜀𝜀P

Code observables GFLC

Less noisy wrt code observables
Relative measurement (ambiguity term)

Noisier wrt phase observables
Absolute measurement (no ambiguity term)

Phase ambiguity

Measuring phase is like measuring distance with an odometer 

Apart the initial ambiguity Ω, the user can cumulate the cycles (L) of the incoming signal achieving very high 
resolution in the measurement of the distance. If some cycle is lost (cycle slip, phase jump), measurement re-starts 
with a new ambiguity

D = Ω + L · λ



Geometry free linear combination (ambiguity resolution) 

Phase observables GFLC

𝐿𝐿arc[𝑆𝑆𝑆𝑆𝑆𝑆𝑓𝑓] = sTEC + 𝐵𝐵R + 𝐵𝐵S + 𝑆𝑆arc + 𝜀𝜀𝐿𝐿 𝑃𝑃 = sTEC + 𝑏𝑏R + 𝑏𝑏S + 𝜀𝜀P

Code observables GFLC

𝐿𝐿arc − 𝑃𝑃 arc = 𝑆𝑆arc + 𝐵𝐵R + 𝐵𝐵S − 𝑏𝑏R − 𝑏𝑏S − 𝜀𝜀P arc

𝐿𝐿arc − 𝐿𝐿arc − 𝑃𝑃 arc = �𝐿𝐿arc = sTEC + 𝑏𝑏R + 𝑏𝑏S + 𝜀𝜀P arc

=mean over an arc

multipath + other non-zero mean errors



Geometry free linear combination (ambiguity resolution) 

𝐿𝐿arc − 𝐿𝐿arc − 𝑃𝑃 arc = �𝐿𝐿arc = sTEC + 𝑏𝑏R + 𝑏𝑏S + 𝜀𝜀P arc

𝐿𝐿arc

𝑃𝑃

𝐿𝐿arc − 𝑃𝑃 arc



Geometry free linear combination (ambiguity resolution) 

𝐿𝐿arc − 𝐿𝐿arc − 𝑃𝑃 arc = �𝐿𝐿arc = sTEC + 𝑏𝑏R + 𝑏𝑏S + 𝜀𝜀P arc



Geometry free linear combination (ambiguity resolution) 

𝐿𝐿arc − 𝐿𝐿arc − 𝑃𝑃 arc = �𝐿𝐿arc = sTEC + 𝑏𝑏R + 𝑏𝑏S + 𝜀𝜀P arc



Phase jump (cycle slips?)

Solar flare!!!



Calibration and Mapping
Task of the calibration

Isolate TEC from other terms

The only way to proceed is assuming that TEC from all available observations  from generic station 𝑅𝑅𝑗𝑗 to generic satellite 
𝑆𝑆𝑎𝑎 can be expanded using proper base functions of time and position Ψ 𝑃𝑃, 𝑚𝑚 . 

This representation of TEC is the so-called TEC Mapping,  achievable in several  ways (integrated 3D electron density, or 
2D shell, …)   

𝑆𝑆𝑆𝑆𝑆𝑆 𝑅𝑅𝑗𝑗 , 𝑆𝑆𝑎𝑎 , 𝑚𝑚 = �
𝑘𝑘

𝑐𝑐𝑘𝑘𝜓𝜓𝑘𝑘 𝑃𝑃, 𝑚𝑚

Global many days
Global single day

Regional many days
Regional single day

Single station many days
Single station one day



TEC Calibration (de-biasing) 
𝐿𝐿arc − 𝐿𝐿arc − 𝑃𝑃 arc = �𝐿𝐿arc = sTEC + 𝑏𝑏R + 𝑏𝑏S + 𝜀𝜀P arc

𝜀𝜀P arc ≈0

𝑏𝑏R, 𝑏𝑏S evaluated independently
every now and then

�𝐿𝐿arc = sTEC + 𝛽𝛽𝑎𝑎𝑟𝑟𝑟𝑟

𝛽𝛽𝑎𝑎𝑟𝑟𝑟𝑟 = 𝑏𝑏R + 𝑏𝑏S + 𝜀𝜀P arc
to be evaluated arc by arc

𝑏𝑏R, 𝑏𝑏S can be taken from IGS 
Ionosphere Associate 

Analysis Centers (IAACs) 

Gg calibration technique (see
e.g. Ciraolo et al., 2007; 

Cesaroni et al., 2015; Cesaroni 
et al., 2021)

∑𝑗𝑗=𝑠𝑠𝑎𝑎𝑎𝑎 𝑏𝑏𝑟𝑟
𝑗𝑗=0

�𝐿𝐿arc = �𝐿𝐿arc 𝜑𝜑, 𝜆𝜆,𝐺𝐺, 𝑚𝑚
Global or regional TEC model

𝑏𝑏R, 𝑏𝑏S evaluated independentely



Single day – single station approach (Gg technique)

�𝐿𝐿arc(𝑅𝑅𝑗𝑗 , 𝑆𝑆𝑎𝑎 , 𝑚𝑚) = sTEC(𝑅𝑅𝑗𝑗 , 𝑆𝑆𝑎𝑎 , 𝑚𝑚) + 𝛽𝛽𝑎𝑎𝑟𝑟𝑟𝑟

Once selected some method of mapping has been assumed, the coefficients c of TEC expansion become a new set of 
unknowns to be estimated together with the “biasing” terms using standard minimization algorithms 

�𝐿𝐿arc(𝑅𝑅𝑗𝑗 , 𝑆𝑆𝑎𝑎 , 𝑚𝑚) = �
𝑘𝑘

𝑐𝑐𝑘𝑘𝜓𝜓𝑘𝑘 𝑃𝑃, 𝑚𝑚 + 𝛽𝛽𝑎𝑎𝑟𝑟𝑟𝑟
𝜒𝜒

90 − 𝛼𝛼𝑒𝑒𝑎𝑎𝑒𝑒𝑟𝑟

𝑅𝑅𝑒𝑒

𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆 � sec𝜒𝜒 = 𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆 � 𝐹𝐹 𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒



Single day – single station approach (Gg technique)

𝜒𝜒

90 − 𝛼𝛼𝑒𝑒𝑎𝑎𝑒𝑒𝑟𝑟

𝑅𝑅𝑒𝑒

𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼

𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆 𝜙𝜙1,𝜙𝜙2 � sec𝜒𝜒

where 𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆 𝜙𝜙1,𝜙𝜙2 is the unknown describing a surface in the reference frame defined by a couple 𝜙𝜙1,𝜙𝜙2 ·over the thin shell 
(bi-dimensional)

vTEC is expanded as a polynomial linear in LT and of the 
fourth-order in Modip

�𝐿𝐿arc = secχ∑𝑛𝑛 𝑐𝑐𝑛𝑛𝑝𝑝𝑛𝑛(LT, Modip) + 𝛽𝛽arc

Modip = arctan
𝐼𝐼

cos𝜑𝜑

Magnetic dip at 350 km

Geographic latitude



Gg software – overview

Gg calibration software is a windows package capable of evaluating single-station calibrated TEC from daily RINEX 
(v2.11) observational (ssssdoy0.yyo) and navigational (brdcdoy0.yyn/g) files from GPS and GLONASS satellites. 

A new (Python) version of the software capable of processing GALILEO satellites will be available in the next future  

Station(s) directory(ies) 

Output directory

File containing the calibration settings (see next slides)

Hatanaka decompression software (not mandatory)

Executable file

Modip lookup table

MATLAB script to organize input files (not mandatory)

MATLAB script to read output files (not mandatory)



Gg software – RINEX obs files (v 2.11)
RINEX type/version

Comments (ignored by the software)

Station ID 

Position of the receiver in ECEF coordinates (WGS84)

Number and type of GNSS observables available in the file 

Sampling time of the observables

Time of the first observables
End of header line

YY MM DD HH MM SS.sss #sat in view at that particular epoch PRN 

Observations block



Gg software – RINEX nav files (v 2.11)
RINEX type/version

Orbital parameters

Date and time



Gg software – Calibration settings file

Output Sampling Time, Minutes  0
Output Minimum Elevation, Deg 20
Solution: Arcs(A), Hardware biases (B)       A
Select Output Format                          3
Folder of BRDC files                              C:\...
Disable Rejection of First and Last Day       False
Shell Height 350
Discard GLONASS                                  False

Out Sampling time (0 for the same resolution of the input Rinex files)
Elevation mask (data «below» this value will not appear in the output files)
Not implemented in this version (maintain «A»)
Format of the output files (3 if you want to use the MATLAB scripts)
Folder in which you put the BRDC files
Maintain «FALSE» for reliable solutions
Height of the ionospheric thin shell in km
Set «TRUE» if you want to ignore GLONASS observations



Gg software – Output files

Seconds since the beginning of the day

Satellite (G for GPS, R for GLONASS)

Azimuth

Elevation

Longitude of the IPP

Latitude of the IPP

STEC

VTEC



Gg software

Let’s go for a live session!!!!

https://www.dropbox.com/sh/5ti51wl52e977ns/AACxxaCm8eBrveQHTW4xyFM_a?dl=0
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