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What is this?
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What is this?

Movie of the vertically 
integrated electron number 
density (AKA Vertical Total 
Electron Content, VTEC) of 
the partially ionized part of 
the Earth atmosphere 
(ionosphere) obtained from 
worldwide Global Navigation 
Satellite System (GNSS) 
multifrequency 
measurements

Do you wish to check the 
present global VTEC, from 
RT UPC-IonSAT GIMs? If 
yes:

http://chapman.upc.es/tomion/real-time/quick/last_results.uadg/RT-DAILY-VTEC-MOVIE.gif
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Why there are free electrons 
within the Earth atmosphere?
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Why there are free electrons 
within the Earth atmosphere?

The chemical reactions on the Earth atmosphere of 
dissociation of different molecules at different heights by 
solar photons (mostly in EUV and X-ray bands).
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How can the VTEC distribution be explained?
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- In principle, taking into account 
with different solar irradiance in 
function of the latitude

- (And the Earth rotation!)

How can the VTEC distribution be explained?



8Anything else to be explained? What about the double VTEC 
peak (equatorial anomaly)?



9Anything else to be explained? What about the double VTEC 
peak (equatorial anomaly)?

ExB drift, generates the fountain effect, and then, the equatorial anomaly and double peak, with a 
central role of the magnetic field, the magnetic equator in particular, in the distribution of the free 
electrons of the Earth ionosphere. 



10

And this? How can it be explained?



11

And this? How can it be explained?

- The electron number density (hereinafter 
electron density) vs height(*).

- The intermediate electron density peak 
height can be understood as the optimal 
height of production of free electrons, a 
compromise between enough number of 
target molecules and enough ionizing solar 
radiation, specially in EUV.

(*) Estimated thanks to GNSS receivers 
flying on a Low Earth Orbiting satellite -in 
this case FORMOSAT-3/COSMIC- 
measuring multifrequency GNSS signals 
from transmitters below the LEO local 
horizon (radio-occultation scenario).
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And what about this? Any guess?
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And what about this? Any guess?

Yes, these are four Global Positioning System (GPS) transmitter providing pseudodistance signals to a 
receiver on board an airplane (this an “artistic” composition NOT following the real distance scale).
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And now, who can explain these layouts?
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And now, who can explain these layouts?

Yes, it illustrates the trilateration concept, foundation of GNSS for positioning: knowing the position of the 
center of at least three(*) spheres in different directions -GNSS transmitters on MEOs- and the radius of 
such spheres -from the pseudorange measurements-, we get the receiver position X,Y,Z -intersection-).

                              (*) at least four satellites are needed taking into account the receiver clock error



16But we need to get 
pseudoranges, right?



17But we need to get 
pseudoranges, right?

- “Pseudoranges” are computed 
from the apparent traveling time 
from GNSS transmitter to GNSS 
receiver. 

- The pseudo-random noise 
transmitted signal, function of the 
atomic transmitter clock, is 
correlated at the receiver with its 
replica, generated from its 
typically quartz  clock.

- Several “error” sources quickly 
arises, not only the transmitter 
and receiver clock errors, but 
also the atmospheric ones, 
including the ionospheric delay, 
all under the “pseudo” part of the 
observable pseudorange name.



18But we need to get pseudorange measuremens, right?



19But we need to get pseudorange measuremens, right?



20And we have a second “invited” type of measurement to the 
“GNSS party”, very interesting, very precise: the carrier phase



21And we have a second “invited” type of measurement to the 
“GNSS party”, very interesting, very precise: the carrier phase



22And we have a second “invited” type of measurement to the 
“GNSS party”, very interesting, very precise: the carrier phase



23Now, any guess or comment about this plot?

Ambiguity

Code measurements

Phase measurements



24Now, any guess or comment about this plot?
-We can see how the code (i.e. 
pseudorange) and phase 
measurements (“ionospheric 
combination”) of a given GPS 
transmitter (“PRN01”) from a 
given receiver, complement each 
other very well:

-The code measurements are 
accurate (pseudorange) but not 
precise (measurement noise and 
multipath >~1 m).

-The carrier phase 
measurements are not accurate 
(unknown ambiguity = 
pseudorange at phase lock) but 
very precise (measurement 
noise and multipath < 1cm).

Ambiguity

Code measurements

Phase measurements



25Finally, the electron content is inside GNSS measurements!



26Finally, the electron content is inside GNSS measurements!
-The first-order approximation of the 
ionospheric delay term, deduced 
from the Appleton-Hartree equations 
of EM propogation, accounts for 
99.9% of the the ionospheric delay 
of GNSS signals (L-band).

- It is positive (delay) for the 
pseudorange and negative 
(advance) for the carrier phase. 
BTW: Is this an issue vs the 
relativity principle of “maximum 
velocity” the light speed in the 
vaccum?.

- The ionospheric delay term is 
proportional to the Slant Total 
Electron Content (Slant TEC, STEC) 
and inverserly proportional to the 
signal frequency.



27Finally, the electron content is inside GNSS measurements!



28Finally, the electron content is inside GNSS measurements!
-Then the highly variable 
ionospheric magnitude, STEC, is 
directly given by the ionospheric 
combination of dual-frequency 
carrier phases and pseudoranges 
(L

I 
& P

I
): This is the main input data 

source for GNSS Ionosphere! 
(among the good performance of 
single-frequency measurements 
recently shown for certain 
ionospheric viewing problems such 
as plasma bubble detection). 

-Other additional terms, are either  
constant at scales of hours 
(ambiguity BI, Differential Code 
Biases, DI, DI’) or are small and 
can be very well modelled (wind-up 
term β*φ).



29Conclusion: GNSS Ionosphere is well data-supported

~ 100 GNSS trans. & +1000 24/7 static GNSS rec. (+100 in RT)

Worldwide scanner of the Ionosphere, an excellent 
input to generate Global Ionospheric Maps (GIMs) of 
VTEC maps (summarizing Big GNSS data), among many 
other ways of modelling / studying the ionosphere



30Conclusion: GNSS Ionosphere is well data-supported
GNSS Ionosphere: 

“Effects and computation 
of the distribution of free 
electrons, located at the 
partially ionized part of the 
atmosphere above 50 km 
height, from the Global 
Navigation Satellite  
Systems (GNSS)  
measurements, usually 
multi-frequency, crossing 
it; and its  applications, 
such as Space Weather 
monitoring, precise real-
time positioning and, in 
general, precise geodetic 
modelling among others”

~ 100 GNSS trans. & +1000 24/7 static GNSS rec. (+100 in RT)

Worldwide scanner of the Ionosphere, an excellent 
input to generate Global Ionospheric Maps (GIMs) of 
VTEC maps (summarizing Big GNSS data), among many 
other ways of modelling / studying the ionosphere



31Conclusion: GNSS Ionosphere is well data-supported
GNSS Ionosphere: 

“Effects and computation 
of the distribution of free 
electrons, located at the 
partially ionized part of the 
atmosphere above 50 km 
height, from the Global 
Navigation Satellite  
Systems (GNSS)  
measurements, usually 
multi-frequency, crossing 
it; and its  applications, 
such as Space Weather 
monitoring, precise real-
time positioning and, in 
general, precise geodetic 
modelling among others”

Thank you!
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Set of backup slides #1



Use Case 10: Access to UPC-IonSAT 
Global Ionospheric Maps registrations
(AKA global VTEC maps every 15 minutes since end of 1996, 

i.e. ~1 million global VTEC maps & 5x10^9 VTECs computed so far)

Manuel Hernández-Pajares, Victoria Graffigna, Alberto García-Rigo & 
Germán Olivares-Pulido on behalf of the UPC-IonSAT team

PITHIA-NRF TPW#5, Univ. Westminster, 12-13 September 2023
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Data Access
https://esc.pithia.eu

https://esc.pithia.eu/
https://esc.pithia.eu/
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Data Access
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Data Access
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Format: $DOY_$YY$MM$DD.15min

Day of Year Year Month Day Resolution
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Format (IGS): uqrg$DOY0.$YYi.Z

Center Day of Year Year

IONEX

Compressed
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THANK YOU!
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0. Motivation

In this work we summarize the approach, results and answer to the question that we did 
ourselves almost two years ago:

Can the high temporal resolution VTEC Global Ionospheric Maps (GIM, such as UQRG 
generated by UPC-IonSAT since end 1996) directly provide reliable estimation of the spatial 
and temporal components of the VTEC gradients, and of a sensitive Ionospheric storm scale 
index, with comparable results to the corresponding indices proposed and generated by other 
colleagues from raw GNSS data (respectively Jakowski & Hoque 2019, and Nishioka et al. 
2017)?

Jakowski, N., & Hoque, M. M. (2019). Estimation of spatial gradients and temporal variations of 
the total electron content using ground‐based GNSS measurements. Space Weather, 17, 339–
356. https://doi.org/10.1029/2018SW002119.

Nishioka, M., T. Tsugawa, H. Jin, and M. Ishii (2017), A new ionospheric storm scale based on 
TEC and f o F 2 statistics, Space Weather, 15, 228–239, doi:10.1002/2016SW001536.
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UPC Quarter-of-an-hour time resolution Rapid GIM (UQRG)

TEC

Resolution: 15min 
x 5º x 2.5º in time 
x lon.xlat

1. Context: GNSS-based UQRG Global Ionospheric Map (GIM) 
Two-Layer voxel 
tomographic 
estimation without 
ionospheric 
background model 
and with dual-
frequency carrier 
phase input data 
only. with in-house 
TOMION software.

L1− L2=B I+∑
j , k ,l

(N e ) j , k ,l l j , k , l

LOS Carrier phases in 
length units: L1-L2 
(measurement, 
corrected from wind-
up)

Associated L1-L2 
ambiguity, BI 
(unknown)

Electron density of 
LOS illuminated 
voxels: Ne (unknowns)

Straight line LOS 
length within given 
voxel: l_{j,k,l}

L1 , L2

Kriging 
interpolation which 
preserves the 
details
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1. Context: TOMION software
 TOMION is a data driven ionospheric model originally developed by the second 

authors of this presentation during the latest 25 years
 It allows a tomographic estimation of the density of free ionospheric electrons from 

GNSS carrier phase dual-frequency data only, without any background model.
 It incorporates a Kalman filter and a kriging-based interpolation for the vertically 

integrated electron density (the vertical total electron content, VTEC, see Hernández-
Pajares et al. 1997, 1999, Orús et al. 2005). 

 TOMION is the software used in the generation of UPC-IonSAT global ionospheric 
maps (GIMs) of VTEC for the International GNSS Service (IGS), such as the UQRG 
one, one of the outperforming GIMs, or even the best behaving GIM in IGS 
(Hernández-Pajares et al. 2009,2017, Roma-Dollase et al. 2018). 

 UQRG GIM produced by TOMION is, for instance, able to detect realistic features of 
the polar ionosphere as well (Hernández-Pajares et al. 2020a) and to provide a 
realistic and sensitive storm index (Qi et al. 2021). 

 The tomography performed by TOMION is able to ingest different geometries and 
types of input measurements (Hernández-Pajares et al. 2020b), in agreement with 
independent measurements and models (Kotov et al. 2018, 2019).
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2. Defining the components of VTEC gradient from the GIM

The spatial and temporal components of VTEC gradient at grid 
points of UQRG GIM on a global scale are introduced.

The VTEC gradient derived from UQRG GIMs (VgUG, Liu et al. 
2022), allows to obtain full (non-relative) values of TEC spatial 
gradients and temporal variations separately at any worldwide grid 
point, considering the distances on the corresponding parallels and 
meridians at the ionospheric efective height, ΔDLON & ΔDLAT, 
separated 5º & 2.5º respectively, and the time difference between 
GIMs Δt (30 minutes, centered, 15 minutes, uncentered).
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2.1 Example of global distribution of VTEC spatial gradient  

St. Patrick's Day 2015 
Geomagnetic Storm

Compared with the quiet 
ionospheric state, the 
VTEC spatial and 
temporal gradient directly 
derived from the GIM are 
able to capture the 
extraordinary VTEC 
variations during the 
disturbed ionospheric 
state, spltted in north, 
east and time 
components. 

Quiet St. Patrick’s day  storm
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3. Definition of regional indices from the VTEC gradient

Indeed the Regional VTEC spatial Gradient indices, 
based on UQRG (RVGU) and the temporal one, the 
Regional Ionospheric Disturbance index based on 
UQRG (RIDU), are proposed to estimate the regional 
ionospheric perturbation degree over selected regions. 
And they allow us to compare them with similar indices 
computed previously and independently with different 
approaches by other research groups. 
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3.1 Example of comparison of GIM- vs raw-GNSS data- based 
regional spatial indices over Europe: Quiet conditions (20-25 May 
2015) From raw GNSS data 

(Jakowski & Hoque (2017)

Spatial 
gradient 
norm

From UQRG GIM (VgUG) 
(Liu et al. 2022)

Latitudinal 
gradient 
component
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From raw GNSS data 
(Jakowski & Hoque (2017)

Longitudinal 
gradient 
component

From UQRG GIM (VgUG) 
(Liu et al. 2022)

Input 
receivers / 
IPPs used 
in the 
region

3.1 Example of comparison of GIM- vs raw-GNSS data- based 
regional spatial indices over Europe: Quiet conditions (20-25 May 
2015)  -Continued- 
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From raw GNSS data 
(Jakowski & Hoque (2017)

From UQRG GIM (VgUG) 
(Liu et al. 2022)

Spatial 
gradient 
norm

Latitudinal 
gradient 
component

3.2 Example of comparison of GIM- vs raw-GNSS data- based 
regional spatial indices over Europe: St. Patricks Day iono. storm (16-20 March 2015)
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From raw GNSS data 
(Jakowski & Hoque (2017)

From UQRG GIM (VgUG) 
(Liu et al. 2022)

Longitudinal 
gradient 
component

3.2 Example of comparison of GIM- vs raw-GNSS data- based 
regional spatial indices over Europe: St. Patricks Day ionospheric storm (16-20 March 2015) -Continued-
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From raw GNSS data 
(Jakowski & Hoque (2017)

From UQRG GIM (VgUG) 
(Liu et al. 2022)

Spatial 
gradient 
norm

Latitudinal 
gradient 
component

3.3 Example of comparison of GIM- vs raw-GNSS data- based 
regional spatial indices over Europe: Halloween storm (28 Oct -1 Nov 2003)
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From raw GNSS data 
(Jakowski & Hoque (2017)

From UQRG GIM (VgUG) 
(Liu et al. 2022)

Longitudinal 
gradient 
component

3.3 Example of comparison of GIM- vs raw-GNSS data- based 
regional spatial indices over Europe: Halloween storm (28 Oct -1 Nov 2003) -Continued-

Both regional indices based on the VTEC gradient norm and on the VTEC gradient latitudinal components 
provide results very comparable when GIM-based and raw-GNSS-based results are considered. The 
longitudinal component of the VTEC gradient appear correlated but smaller when they are computed from GIMs.



643.3 Example of comparison of GIM- vs raw-GNSS data- based regional 
temporal indices over Europe: Solar flare X17.0 class preceding Halloween storm (28 Oct 2003)

From raw GNSS data,
Sudden Ionospheric Disturbance indeX (SIDX)

(Jakowski & Hoque (2017)

From UQRG GIM (VgUG),
 Regional Ionospheric Disturbance index 

(Liu et al. 2022)
The GIM-based temporal 
component of the VTEC 
gradient is only sensitive to 
very strong flares, and it 
appears smoothed, as it 
might be expected from the 
GIM interpolation procedure 
in space and time. 
For detecting and measuring 
the solar EUV flux rate during 
flares (two products provided 
by UPC-IonSAT to the Space 
Weather community in RT), 
the global raw GNSS 
measurements in the day-
light hemisphere, perform in 
an excellent way (Hernández-
Pajares et al. 2012).
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We propose the Ionospheric Storm Scale Index Based on 
UQRG (IsUG) as a direct extension of the I-scale index 
proposed at regional level (Japan) and from raw GNSS data 
by Nishioka et al. (2017):

4. Extending the definition of  the Ionospheric storm scale index to 
GIMs (IsUG)

It is defined as the standardized Ptec,              , where Ptec is the 
percentage deviation of VTEC, Otec is the hourly median VTEC 
derived at grid points of GIM. The hourly median VTEC is the 
median of the five VTEC values during 1-h interval, under the GIM 
VTEC temporal resolution of 15 min. The hourly median VTEC is 
calculated every hour (for example, 0, 1, 2 UT). Rtec is the 
reference median value at the same local time and geographic 
location in the past 27 days.



664.1 Comparing Ptec from GIM with Ptec from raw GNSS data over Japan since 
1997 to 2014 (3 months of seasonal data per year)

From raw GNSS data 
(Nishioka et al., 2017))

From UQRG GIM (VgUG) 
(Liu et al. 2021)



674.2 Comparing             from GIM            from raw GNSS data over Japan since 
1997 to 2014 (3 months of seasonal data per year)

From raw GNSS data 
(Nishioka et al., 2017))

From UQRG GIM (VgUG) 
(Liu et al. 2021)



684.3 Summary of Ptec and            comparison from GIM vs. from raw GNSS data 
over Japan since 1997 to 2014 (3 months of seasonal data per year)

Ptec
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4.5 Snapshots of IsUG maps of November 7 2004 (severe geomagnetic storm)



704.5 Snapshots of IsUG maps during November 7-November 8 2004 (severe 
geomagnetic storm) -Continued-



714.6 Animation of IsUG maps during a quiet period



724.6 Animation of IsUG maps during a ionospheric storm period
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5. Conclusions
 The regional gradient indices based on UQRG open a new way to estimate the 

ionospheric perturbation degree at selected regions, consistent in a large extent 
with direct raw-GNSS based approaches. And the spatial and temporal VTEC 
gradient at each grid point of UQRG allow the representation of ionospheric 
perturbations on a global scale.

 The new ionospheric storm scale, IsUG, has a great potential for 
characterization of ionospheric state and the scientific study of ionospheric 
storms from a global perspective, being consistent with the raw-GNSS based 
original implementation in Japan during one and half solar cycles (1997-2014).

 More details can be found at:
Liu, Q., Hernández‐Pajares, M., Lyu, H., Nishioka, M., Yang, H., Monte‐Moreno, E., ... & Orús‐Pérez, R. 

(2021). Ionospheric Storm Scale Index Based on High Time Resolution UPC‐IonSAT Global Ionospheric Maps 
(IsUG). Space Weather, 19(11), e2021SW002853.

Liu, Q., Hernández‐Pajares, M., Yang, H., Monte‐Moreno, E., García‐Rigo, A., Lyu, H., ... & Orús‐Pérez, R. 
(2022). A New Way of Estimating the Spatial and Temporal Components of the Vertical Total Electron Content 
Gradient Based on UPC‐IonSAT Global Ionosphere Maps. Space Weather, 20(2), e2021SW002926. 
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Thanks for your attention!
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Abstract
The ionospheric response to high geomagnetic activity, the ionospheric storm, can enlarge GNSS positioning errors by the increase of ionospheric electron density and 
disable high-frequency communications by the decrease of the ionospheric electron density. In addition, the ionospheric perturbations with high spatial and temporal 
components of VTEC gradient might also enlarge GNSS positioning errors and even incapacitate Satellite-Based Augmentation System (SBAS) and Ground-Based 
Augmentation System (GBAS) services[1][2]. UPC Quarter-of-an-hour time resolution Rapid GIM (UQRG) is derived from GNSS carrier phase measurements assuming a 
two-layer tomographic TEC model and interpolated by Kriging technique with a spatial resolution of 5° and 2.5° in longitude and latitude, respectively[3]. The characteristics 
and performance of UQRG GIMs[4][5] have allowed us to define two new GIM-derived ionospheric scales: 

(1) The Ionospheric storm scale derived from UQRG GIMs (IsUG[6]) is defined as the percentage deviations of hourly median VTEC extracted at each grid point of historical 
UQRG (from 1997 to 2014), and it is normalized (subtract the mean and divide by the corresponding standard deviation) in order to remove the dependence of VTEC 
variations on season, local time and geographical location. The level of ionospheric storm from the proposed ionospheric storm scale is consistent with previous studies.

(2) The VTEC gradient derived from UQRG GIMs (VgUG[7]), which allow to obtain full (non-relative) values of TEC spatial gradients and temporal variations separately. 
Indeed the Regional VTEC spatial Gradient indices, based on UQRG (RVGU) and the Regional Ionospheric Disturbance index based on UQRG (RIDU), are proposed to 
estimate the regional ionospheric perturbation degree over selected regions. In addition, the spatial and temporal components of VTEC at grid points of UQRG on a global 
scale are also introduced. Compared with quiet ionospheric state, the VTEC spatial and temporal gradient indices are able to capture the variations of VTEC spatial and 
temporal gradient during the disturbed ionospheric state. 
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GNSSsatellites + receiversnetwork

• Ionospheric error of GNSS observations is proportional to TEC and inversely proportional to 
signal frequency => combination of GNSS observations for extracting TEC

• Global GNSS network => Global ionospheric sounding and modeling

GNSS 
receiver

Satellite

 Total Electron Content (TEC) extraction based on GNSS 

1. Context

Total Electron Content unit: 
TECu (1016 ele/m2)
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 Irregular Ionosphere variation
1. Motivation

Figure from Grebowsky and Aikin, 2009
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 Space weather impacts
1. Motivation

Figure from ESA/Science office, 2018
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1. Motivation

PPP 

RTK

PPP-RTK 

 The impact of ionosphere on positioning
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 Evolution of Regional VTEC spatial Gradient indices
2.1 Spatial and temporal components of VTEC gradient

Quiet
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2.1 Spatial and temporal components of VTEC gradient

 Evolution of Regional VTEC spatial Gradient indices
Halloween 
Storms of 
2003
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2.1 Spatial and temporal components of VTEC gradient

 boxplot of VTEC spatial gradient
Storm
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 Ionospheric storm
2.2 Ionospheric storm scale index

Figure from https://swc.nict.go.jp/en/knowledge/ionosphere.html
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