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GPS/TEC Ionosphere diagnostics 
and IGS services 

Andrzej Krankowski
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Space Radio Diagnostics Research Centre (SRRC/UWM)
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S
p

ac
e 

R
ad

io
 D

ia
g

n
o

st
ic

s 
R

es
ea

rc
h

 C
en

tr
e 

(S
R

R
C

/U
W

M
)

IG
S

 I
o

n
o

sp
h

er
ic

 W
o

rk
in

g
 G

ro
u

p

LOFAR Ionospheric Workshop 
Space Research Centre of the Polish Academy of Science, 2-3 June 2016

Outline
Introduction
IGS IONO WG activities

Current performance of IGS global TEC maps

Recommendations after IGS 2014 Workshop
TEC fluctuation maps using ROTI over Northern Hemisphere

Agenda of IONO splinter meeting of IGS 2016
New IGS Ionosphere Associate Analysis Centers (IAACs)

Brief summary of new and existing VTEC GIMs performance

Real-time IRI in cooperation with IGS

Cooperation with International LOFAR Telescope (ILT)
The new IONEX 1.1 format

Recommendations after IGS 2016 Workshop

Conclusions
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Introduction

3

International GNSS Service - IGS

IGS directly manages ~400 permanent GNSS stations 
observing 4-12 satellites at 30 s rate: more than 250,000 
STEC observations/hour worldwide, but there is lack of 

stations at some areas (e.g., over the oceans)
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A. Krankowski  et al.
Workshop "Ionospheric research and applications at the ICTP and East Europe"

ICTP Telecommunications/ICT for Development Laboratory (T/ICT4D)
25 April 2014

IGS IONO WG activities

The IGS Ionosphere Working group 
started its activities in June 1998 with 
the main goal of a routinely 
producing IGS Global TEC maps. 
This is being done now with a latency 
of 11 days (final product) and with a 
latency of less than 24 hours (rapid 
product).

The IGS ionosphere product is a 
result of the combination of TEC 
maps derived by different Analysis 
Centers by using weights 
computed by Validation Center, in 
order to get a more accurate 
product.

IGS
Ionosphere 

Analysis 
Centers IGS

Ionosphere 
Validation 

Center

IGS
Ionosphere 

Combination
Center

IGS
Ionosphere

Maps

UWM

UWM

CODE
ESA
JPL
UPC

IGS
GNSS 
data

JASON
TEC 
dataThis has been done under the 

direct responsibility of the 
Iono-WG chairmans:
 

1. Dr Joachim Feltens, ESA 
1998–2002,
 

2. Prof.. Manuel Hernández-
Pajares, UPC, 2002–2007

3. Prof. Andrzej Krankowski, 
UWM, 2008-
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Determining VTEC in a global network: 
main problem: lack of data - South and Oceans

 It can be seen that the 
typical “holes” 
appearing at the first 
stage of the global 
maps computation 
(each 2 hours). This 
requires an optimum 
spatial-temporal 
interpolation technique 
to cover all the 
Ionosphere.

 Lack of data over the equatorial Africa and Atlantic, and in 
part over equatorial and southern Pacific, hamper the 
detection of the equatorial anomalies (June 13, 2004).
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The IONEX format  body

6

     1                                                      START OF TEC MAP    
  2004     4    27     0     0     0                        EPOCH OF CURRENT MAP
    87.5-180.0 180.0   5.0 450.0                            LAT/LON1/LON2/DLON/H
  123  123  123  124  125  125  126  126  126  126  126  126  125  125  125  128
  125  125  125  126  126  125  124  124  124  124  124  123  123  122  122  121
  120  120  119  118  118  118  118  118  117  117  116  116  115  114  114  113
  113  113  114  114  114  114  115  115  115  116  116  117  117  118  119  120
  120  121  121  122  123  123  123  123  123
    85.0-180.0 180.0   5.0 450.0                            LAT/LON1/LON2/DLON/H
  129  129  130  131  132  132  133  133  134  134  134  134  134  134  134  136
  135  136  130  129  129  129  128  128  128  127  126  124  123  122  121  120
  119  118  117  117  117  117  116  116  115  115  114  113  112  111  110  109
  109  110  109  109  109  110  111  111  112  112  113  113  115  116  117  118
  120  122  123  125  126  127  128  129  129
...
   -87.5-180.0 180.0   5.0 450.0                            LAT/LON1/LON2/DLON/H
   87   88   88   90   90   91   92   93   93   94   94   95   94   93   91   89
   87   86   85   84   83   82   81   81   80   80   79   78   78   78   77   77
   76   76   76   75   75   76   77   77   76   79   79   79   80   81   82   83
   83   84   85   85   85   85   85   85   85   86   87   87   87   88   88   87
   87   87   87   88   87   87   87   87   87
     1                                                      END OF TEC MAP      
     2                                                      START OF TEC MAP    
...
...
    13                                                      END OF TEC MAP      
     1                                                      START OF RMS MAP    
  2004     4    27     0     0     0                        EPOCH OF CURRENT MAP
    87.5-180.0 180.0   5.0 450.0                            LAT/LON1/LON2/DLON/H
    7    7    7    7    7    7    7    7    7    7    8    8    9    9    9    6
    8    8    8    6    6    7    7    7    7    6    6    6    6    6    6    6
    6    6    7    7    7    6    7    6    6    7    7    7    7    8    8    9
   10    9    8    8    8    8    7    7    8    8    8    8    7    7    7    7
    7    6    6    7    6    7    6    6    7
...
    13                                                      END OF RMS MAP      
                                                            END OF FILE         

The IONEX 
(IONosphere inter 
EXchange) format 
allows to store the 
VTEC and its error 
estimates in a grid 
format.
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Example of IGS Final GIM: 2010-141 DOY

4 Analysis Centers (CODE, ESA, 
JPL, and UPC) and a Validation 
Center (UPC) have been 
providing  maps (at 2 hours x 5 
deg. x 2.5 deg in UT x Lon. x 
Lat.), weights and external 
(altimetry-derived) TEC data. 

From such maps and 
weights the Combination 
Center (at first ESA, then 
UPC, and since 2008 - 
UWM) has produced the 
IGS TEC maps in IONEX 
format. 

TEC map

Units: TECU

RMS map
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Example of IGS RAPID GIM: 2010-141 DOY

Units: 0.1 TECUs

TEC maps RMS maps
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IGS Predicted GIM

Example of IGS PREDICTED GIM

June 20, 2010 November 20, 2010

IGS Final GIM
June 20, 2010 November 20, 2010
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Announcements:
 
Natural Resources Canada (NRCan) is resuming the actvites on global VTEC modelling. 
Afer a performance evaluaton period, NRCan can become again an IAAC.
 
The Insttute of Geodesy and Geophysics (IGG), Chinese Academy of Sciences, Wuhan, 
China (Yunbin Yuan, beginning 2015) is computng on routnely basis global VTEC maps, 
and it can become a new IAAC afer a performance evaluaton period.

IGS 2014 Workshop in Pasadena

Recommendatons:
 
Startng a new potental ofcial product – TEC fuctuaton maps using ROTI over 
Northern Hemisphere to monitor the dynamic of oval irregularites   

Cooperaton with IRI COSPAR group for improving  IRI TEC. 
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High latitude TEC fluctuations 

Monitoring of the TEC fluctuations  using GNSS data

ROT = 9.52 A  1016 el/m A  (i - k) 

For fast detectng phase fuctuaton occurrence the rate of TEC 
(dTEC/dt) is more preferred (Wanninger, 1993): 

ki - diferental carrier phase sample with 30 sec 
interval

t = tk – t i= 1 
min.

As a measure of ionospheric actvity we used also the Rate of TEC Index 
(ROTI) based on standard deviaton of ROT (for 5 minut intervals)(Pi et all, 
1997):  

22 ROTROTROTI −=



TEC fluctuation service for creating ROTI maps  
The locatons of the statons in the North 

Hemisphere  used for ROTI map 
constructon

     Due to strong 
connections between the 
Earth’s magnetic field and 
the ionosphere, the 
behavior of the fluctuation 
occurrence is 
represented as a function 
of the magnetic local time 
(MLT) and of the 
corrected magnetic 
latitude. The grid of ROTI 
maps in polar coordinates 
with cell size 2 degree 
(magnetic local time) and 
2 degree (geomagnetic 
latitude).

Each map, as a daily map, demonstrates ROTI 
variation with geomagnetic local time (00-24 MLT). 



In the updated version more than 700 permanent stations (from IGS, 
UNAVCO and EUREF databases) have been involved into processing 
for the ionosphere fluctuation service. Such number of stations 
provides enough data for representation a detailed structure of the 
ionospheric irregularities pattern. 

The proposed format to store the ROTI values

The sample of ROTI-ex format body

For ROTI data storing it is proposed simple ASCII format based on grid 2 x 2 
degree - geomagnetic latitude from 89o to 51o with step 2 and corresponded 
to magnetic local time (00-24 MLT) polar coordinates from 0 to 360.



TEC fluctuation service for creating ROTI maps  

The TEC fuctuaton service operaton diagram and status

Under 
construction, 
testing

In operation



The interplanetary geomagnetc feld 
Bz component, density and pressure 
of solar wind and Dst index variatons 
for 30 May – 5 June 2013.

Variability of ROT values over chain of selected 
European GNSS statons (30 May – 4 June 2013). 
Right vertcal axis shows the number of satellite 
(PRN).

Variability of ROT values over chain of selected European GNSS stations
Geomagnetic storm 30 May – 5 June 2013.



Evolutons of the daily ROTI maps for 30 May – 4 June 2013

ROTI maps
Geomagnetic storm 30 May – 5 June 2013.



ROTI publications 

Cherniak Iu., Krankowski A., Zakharenkova I.E, 2014b, Observation of the 
ionospheric irregularities over the Northern Hemisphere: Methodology and Service, 
Radio Science 49, pp. 653-662, 2014, DOI: 10.1002/2014RS005433.
 
Cherniak Iu., Zakharenkova I.E., Krankowski A., 2014c, The approaches for the 
ionosphere irregularities modeling on the base of ROTI mapping, Earth, Planets 
and Space (EPS) 66:165,  2014, doi:10.1186/s40623-014-0165-z

Cherniak Iu.,  Zakharenkova I.E., 2015a,  Dependence of the high-latitude plasma 
irregularities on the auroral activity indices: A case study of 17 March 2015 
geomagnetic storm, Earth, Planets and Space, 2015, 67:151  
doi:10.1186/s40623-015-0316-x
 
Cherniak Iu.,  Zakharenkova I.E., Redmon R.J. 2015, Dynamics of the high-latitude 
ionospheric irregularities during the March 17, 2015 St. Patrick's Day storm: 
Ground-based GPS measurements, Space Weather, Vol. 13, Issue 9, 585–597, 
doi:10.1002/2015SW001237



Recommendations of IGS 2016 Workshop 

To accept CAS-IGG, NRCan  and WHU as new Ionospheric 
Analysis Centers, contributing to the IGS combined 
VTEC GIMs. 

The IONEX format shall be updated in order to 
accommodate contributions using multiple constellations 
and adequately describe the  associated resulting 
differential code biases.

Cooperation with IRI COSPAR group for potential 
improvement of both  IRI and IGS TEC. 

Cooperation with International LOFAR Telescope (ILT) for 
potential synergies. 



Manuel Hernandez-Pajares(1), David Roma-Dollase(1,10), 
Andrzej Krankowski(2), Reza Ghoddousi-Fard(3), 

Yunbin Yuan(4), Zishen Li(5), Hongping Zhang(6), Chuang Shi(6), Joachim 
Feltens(7), Attila Komjathy(8), Panagiotis Vergados(8), Stefan C. Schaer(9), 

Alberto Garcia-Rigo(1), Jose M. Gómez-Cama(10)

(1) (1)UPC-IonSAT, Spain, (2) UWM, Poland, (3)NRCan, Canada, 
(2) (4) CAS-IGG, China, (5)CAS-AOE, China, (6) WHU, China, 

(3) (7) ESOC/ESA, Germany, (8) JPL/NASA, USA, (9) CODE, Switzerland, 
(10)UB-D.Electronics, Spain

Comparing performances of seven different 
global VTEC ionospheric models in the IGS 

context 
IGS WS, Feb. 8-12, 2016, Sydney, Australia



1) Seven different ionospheric modelling 
techniques and/or software to be assessed

• CODE: (expansion in terms of Spherical Harmonics)

• ESA/ESOC: TEC maps are still computed with a single-layer approach, taking sTEC 

observables derived from dual-frequency GPS & GLONASS data (TEC is modelled by 

spherical harmonics in combination with a daily DCBs fitting).

• JPL: Global daily TEC maps with 15-minute temporal and  ≥ 5x5 spatial resolution. Three-shell 

model ionosphere with slabs centered at: 250, 450, and 800 km from 200 globally distributed 

stations and Kalman-filter approach.

• UPC: Global voxel-defined 2-layer tomographic model solved with Kalman filter and splines  

(UPCG@2h) and kriging (UQRG@15m) interpolation to common grid of 5ºx2.5º in LONxLAT.

• CAS: The global and local ionospheric TEC is modeled by SH and GTS functions and then are 

integrated to  generate the global map based on DADS (Different Areas for Different Stations) 

approach.
• EMRG: Canadian Geodetic Survey of Natural Resources Canada (NRCan) has resumed since 

April 2015 the generation of VTEC GIMs (single-layer + grid + Spherical Harmonics).
• WHU: The University of Wuhan is using an expansion in terms of Spherical Harmonics



QUALITY MANAGEMENT DIVISION 
QC/QA & RICE INSPECTIONGIM TEC Derivation 

21IGS Workshop, 201601/28/2016 Receiver Bias

TEC Retrieval: GIM Fundamentals

• Global daily TEC maps with 15-minute temporal and  ≥ 5x5 spatial resolution

• Three-shell model ionosphere with slabs centered at: 250, 450, and 800 km

• GIM uses observations from 200 globally distributed stations (zeta function)

• A Kalman-filter approach is used to estimate the basis functions and biases
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Basis functions
(functions of lat/lon)

Ground-based receiver differential code biases
GPS and GLONASS satellite biases

Providing GIMs JPLG 
(2h-final)



Baseline: Global tomographic 
UPC-IonSAT runs since 1998.5

Layout summarizing the global VTEC computation from ground GPS 
data by means of the UPC TOMION software, including the main 
tomographic model equation[*]
[*](data: ionospheric combination of carrier phases LI, and length intersection within 
each voxel, ∆li; unknowns: its ambiguity BI, the STEC, S, which includes the mean 
electron density within each given voxel, Ne,i).

From each obs. 
we get one STEC 
value: 
V=S/M=(Li-Bi)/M. 
[~1500 val. / 30 s]

Interpol. by 
Splines (UPCG)

Kriging 
Interpolation

(see for instance Hernandez-Pajares, M., Juan, M. and Sanz, J., 1999. New approaches in global ionospheric 
determination using ground GPS data. Journal of Atmospheric and Solar-Terrestrial Physics 61, pp. 1237–1247.). 

Providing GIMs UPCG (2h-
final w tomo-splines) and 
UQRG (15min-rapid w. 
tomo-kriging) to this study

New 
VTEC 
maps (UQRG)



CAS: New Approach for generating 
GIM with high accuracy

(see for instance Zishen Li, Yunbin Yuan, Ningbo Wang, Manuel Hernandez-Pajares, Xingliang Huo(2015). 
SHPTS: towards a new method for generating precise global ionospheric TEC map based on spherical harmonic 
and generalized trigonometric series functions. Journal of Geodesy. 

Trigonometric Series 
Function

Spherical 
Harmonic Function

The global and local ionospheric TEC is modeled 
by SH and GTS functions and then are integrated 
to  generate the global map based on DADS 
(Different Areas for Different Stations) approach.

+

Highlight: estimate the TEC at each grid point only using the 
nearby data so as to improve its accuracy. Providing GIMs CASG 

(2h-final) to this study



Natural Resources Canada
Canadian Geodetc Survey of Natural Resources Canada (NRCan) has developed a number of 
products from GPS sensing of the ionosphere. Figure below lists the products generated with a 
summary of processing steps for global daily product. The global daily product (emrg) submission to 
IGS data centers has resumed since April 2015 and is considered for comparisons in this 
presentaton.

Providing GIMs EMRG 
(1h-final) to this study



Global ionospheric VTEC 
maps from WHU

Zhang, H., P. Xu, W. Han, M. Ge and C. Shi, Eliminating negative VTEC in global ionosphere maps using 
inequality-constrained least squares, Advances in Space Research Vol. 51, No. 6, 2013, pp. 988-1000.

c is a non-negative constant and varies with latitudes and seasons. Implement 
inequality-constrained least square (ICLS) method to eliminate non-physical negative 
values.

Multithreaded parallel estimation

website: http://ionosphere.cn 

Providing GIMs 
WHUG (2h-final)

Batch program start 
automatically

External data 
downloading

data download 
successfully

Tips

Data stored in the 
specified directory

Data unzip

Data integrity Preproccess

IPP information

establishing spherical harmonic 
function model

GIM products

accuracyevaluation

Products are complete

Batch program exits

Intermediate files 
cleaning up

Y

N

Y

N N Y



VTEC GIMS Std. Dev. regarding JASON* VTEC 
(daily values, since days 2001.6 to 2016.0)

Set#1 of final IGS GIMs 
(including those provided since 1998.5: 

CODG, ESA, JPL & UPC -among the 
combined IGS and new UQRG-)

Set#2 of final IGS GIMs 
(including the resumed and new 

ones: EMR, CAS & WHU  -among 
the combined IGS and new UQRG-)

üThe discrepancies of all available IGS VTEC GIMS vs +190 millions of altimeter direct 
VTEC measurements over the seas during the last 15 years, have been analyzed. 
 
üAn overall general agreement is found  between the 7 analysis centers, with VTEC 
discrepancies (daily Standard Deviations) typically ranging from 3 to 10 TECUs, 
depending on the Solar Cycle phase.



IRI 
 Internatonal Reference

 Ionosphere

§ Real-Time Assimilative Modeling with GIRO and IRI
– GIRO  /Global Ionosphere Radio Observatory/

– IRI  /International Reference Ionosphere/

– NECTAR assimilation algorithm
– GAMBIT analysis environment for IRTAM

§ 3D Real-Time Ionosphere with IRTAM
§ Cooperation: IGS VTEC and GIRO NmF2 & hmF2

– Slab thickness 
– Adding B0 

• 3D accuracy 
• Topside half-thickness

– Outlook

27

Cooperative IGS and GIRO 
Monitoring for Rapid Real-Time Insight into Global 
Ionospheric Weather

GIRO + IRI + NECTAR =

IRTAM
(IRI-based Real-Time Assimilatve Modeling)



IRI 
 Internatonal Reference

 Ionosphere

HF Ionosonde
§ First multi-frequency ionogram: 1931
§ 1936: five ionosondes in the world
§ 1957 (IGY): 150 ionosondes in the world
§ 2016: <unknown #> ionosondes…

– 231 ionosonde locations in NOAA SPIDR
– 160 Lowell Digisondes® 

Wannalancit Building
Lowell, Dec 2015
Home to Digisonde®

Digisonde DPS4D



IRI 
 Internatonal Reference

 Ionosphere

29

Real-Time IRI Configurations

13 real-time adjustments 
to IRI coefficients in the 

vicinity of ionosonde
(corrections valid for ~200 km)

No TIDs

A. Single-Site 
Assimilaton

B. Single-Site Assimilaton
with local tlt measurement C. Global Assimilaton

Local tilt evaluation by 
Digisonde HF 
skymapping

for IRI transformation
Sensitive to TID passages

within ~300 km area

988 real-time 
adjustments to IRI using 
all available Digisondes

IRTAM

These charts make use of IARPA data from the HFGeo program.  The IARPA Program Manager is Chris Reed.”



IRI 
 Internatonal Reference

 Ionosphere

Next Step: Above Peak Sensing

Stankov and Warrant, 2009

SLAB THICKNESS τ Same TEC
Diferent 
NmF2

Thicker slab
Thinner slab



IRI 
 Internatonal Reference

 Ionosphere

Complementing GIRO with 
GNSS

31

Total Electron Content Peak Electron Density Peak Density Height Slab Thickness

Deviaton from expected quiet-tme behavior



IRI 
 Internatonal Reference

 Ionosphere

§ Cooperative real-time newscast using GNSS VTEC and 
GIRO F2 layer profile 

– Implementation is imminent
– Current objective at GIRO: assimilate shape parameter B0
– Current objective at IGS: Service integration with IRTAM
– Services at Lowell GIRO Data Center and UWM IGS RTS 

node 
§ Applications to space weather research and practice

– Intriguing capability of sensing topside ionosphere using 
ground observatories

§ GAMBIT environment in open source domain for data 
access and visualization

32

Outlook



Andrzej Krankowski, 

Polish LOFAR statons



Kliknij, aby edytować styl wzorca podtytułu

Bałdy  PL612 Staton



European TEC maps based on SRRC\UWM 
and UPC-IonSAT

Layout summarizing the global VTEC computation from ground GPS 
data by means of the UPC TOMION software, including the main 
tomographic model equation[*]
[*](data: ionospheric combination of carrier phases LI, and length intersection within 
each voxel, ∆li; unknowns: its ambiguity BI, the STEC, S, which includes the mean 
electron density within each given voxel, Ne,i).

From each obs. 
we get one STEC 
value: 
V=S/M=(Li-Bi)/M. 
[~1500 val. / 30 s]

Interpolation by 
Splines

Natural 
neighbour
Interpolation

(see for instance Hernandez-Pajares, M., Juan, M. and Sanz, J., 1999. New approaches in global ionospheric 
determination using ground GPS data. Journal of Atmospheric and Solar-Terrestrial Physics 61, pp. 1237–1247.). 

Providing RIMs for  ILT 
in real time (15min-time 
resolution) to this study

New 
European
VTEC maps

126 EPN Stations



European TEC maps based on SRRC\UWM 
and UPC-IonSAT: IONEX



Additonal Diagnostcs

1.    Scintllaton receiver 

2.    Radio receiver  for ionosonde and DAB  Digital Audio Broadcastng

3.    Riometr       



Conclusions

1. Long series of IGS VTEC maps offers a very good source of 
information about the ionosphere with high spatial and 
temporal resolution 

2. Future improvements are determined by users’ 
requirements (the number of users has significantly 
increased during the last 17 years) 

3. 17 years of continuous time series of TEC measurements 
may be applied to update ionospheric models, e.g., IRI model

4. COSMIC occultation data gives a new opportunity to 
study/model the ionosphere and to validate IGS TEC maps



Conclusions

5. A long time series of accurate global VTEC values are freely 
available since 1998 for scientific or technical use, with 
latencies of about 12 days (final product) or 1 day (rapid 
product). Thanks to the cooperative effort developed within 
the IGS framework and the international scientific 
community this open service will hopefully continue its 
evolution during the next years, sensitive to both new user 
needs and scientific achievements.
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