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Larger-scale local anomalies of VTEC called TEC enhancements are often analyzed — ™®game™  %sm®

in the studies of lithosphere—-atmosphere-ionosphere coupling (LAIC)

TEC enhancements are often temporally correlated with geomagnetic storms, but their simultaneous
occurrence with strong earthquakes has also been proven

The previous research on specific VTEC anomalies concentrated over tectonic plate boundaries
suggested possible coupling between the lithosphere and ionosphere.

Wielgosz, P.; Jarmotowski, W.; Mazur, S.; Milanowska, B.; Krypiak Gregorczyk, A. Vertical Total Electron Content
Enhancements and Their Global Distribution in Relation to Tectonic Plate Boundaries. Remote Sens. 2025, 17, 614.
https://doi.org/10.3390/rs17040614

The present study brings additional observations and shows that TEC enhancements only sometimes
coincide with strong earthquakes

The application of UQRG VTEC maps from the Polytechnic University of Catalonia (UPC) lonSAT group
makes reliable the detection of high-resolution VTEC anomalies

Our study describes VTEC anomalies having spatial and temporal behavior strongly indicating their
connection with both geomagnetic storms and tectonic plate system
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Differential VTEC (dVTEC) '?.WLX \ s
- spatial context e

The applied GIMs are the Kriging-based UPC-lonSAT quarter-of-an-hour time resolution rapid global
ionospheric maps (UQRG). The dVTEC maps are generated from UQRG VTEC maps by the differencing of the
actual VTEC value and 9-day mean calculated at the same UTC epoch. This short 9-day window used in
averaging assures elimination of potential periodicities

VTEC(d0,h0,00,10)—VTECy,(d0,h0,p0,A0)
|VTECyn (d0,h0,00,10)]

dVTEC(d0, h0, ¢0,20) =

where

VTEC,,(d0, h0, 90,10) = 32t VTEC(d, h0, ¢0,10)/9

0 0

The terms dO in days, together with hO in hours,
determine the day and UTC epoch of dVTEC map,
whereas $0 and AO refer to the node of dVTEC 2D grid.
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TEC anomalies in the previous studies

* TEC anomalies are probably studied for 2-3 decades
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* The researchers link them with both geomagnetic storms and earthquakes

* The researchers also notice that VTEC anomalies are conjugated in both hemispheres
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https://doi.org/10.1134/S0016793218040126

12.02.2008 4.0 UTC (54 LT) o
a T T
L

-3 -2 -1 0 1 2 3

-60 [

Sun Y-Y, Liu J-Y, Wu T-Y, Chen C-H. (2019)
Global Distribution of Persistence of Total
Electron Content Anomaly. Atmosphere 10(6),
297. https://doi.org/10.3390/atmos10060297.
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Park S.M., Ryu K. and Min K. (2021) lonospheric
anomalies related to strong earthquakes in
North America as observed by TEC. Advances
in Space Research 68, 4137-4154.
https://doi.org/10.1016/j.asr.2021.07.026

(a) geomagnetically quiet days

D
o
N
o

o
o

H
o

*10

w
o
Number of Anomalies

Geographic Latitude (°)

-130 -110 -90 -70
Geographic Longitude (°)

August 24-28, 2026, Kumamoto, Japan



TEC anomalies from the abovementioned
previous studies found again

* The colured part of contours shows VTEC anomalies (dVTEC) > 0.3
* The plot also shows the erthquakes within time window 2.4 h from VTEC anomaly epoch

* You can find the same VTEC anomalies in reference papers by
Pulinets et al. 2018, Sun et al. 2019, and Park et al. 2021.

EPO :2015 9 2 0 0 0, Hp=50, Pres=1.2, Spee=346.9, Dens= 5.1 EPO :2019 5 28 0 0 0, Hp=4.0, Pres=1.2, Spee=319.0, Dens=5.8 EPO :2019 10 30 20 0 0, Hp=120, Pres=5.4, Spee=351.7, Dens=21.9
ugrgep:2015 9 2 0 0 0-2015 9 2 0 0 0 ugqrgep:2019 5 28 0 0 0-2019 5 28 0 0 0 ugrgep: 2019 10 30 20 0 0-2019 10 30 20 0 O
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The role of genmagnetic field (Al
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* Recent works present geomagnetic field lines o [ o
(including newly created) * Such shape of geomagnetic field lines is suspected
as connecting magnetically conjugated sites to have a key importance in the distribution of
nearby tectonic plate boundaries normalized VTEC anomalies (enhancements)

JVTEC. VTEC, — VTEC,,
EPO :2014 2 28 0 0 0, Hp=36.7, Pres= 4.3, Spee= 447.3 Denes=:9 |VTECm|

uqrgep: 2014 2 28 0 0 0-2014 2 28 0 0 O

Ouzounoy, D.; Khachikyan, G. Studying the Impact of the Wiel b. { G WM Ml ca B Kz -
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Conductivity of the Earth (different depths)
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maps of Earth conductivity
at different vertical layers

* We suspect that
conductivity patterns can
have additional
importance in VTEC )
anomaly creation EPO (2015 © § 10 0 0, Hp=de2, Pres=78, Spee=5425, Dens= 140 5 4 3 2 4 0 s
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dVTEC over two different tectonic \ /
plate boundaries (EU-AF and NA-CA) o S
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* This work analyses VTEC anomalies in 2020 over two tectonic plate boundaries located at very similar

geomagnetic latitudes: the Eurasian-African tectonic plate boundary (EU-AF) and North-American-
Caribbean (NA-CA) tectonic plate boundary.

* Three epochs of dVTEC are only shown to assure conciseness.
The middle one shows presence of VTEC response over both tectonic plate boundaries/stations.

* The left one shows significant (>0.3) dVTEC only over EU-AF/NICO, and the right one only over NA-
CA/RDSD

May.30,2020 12:00:00 Jul.14,2020 08:00:00 Oct.06,2020 00:00:00
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Evolution of dVTEC (anomaly) PV
on 14 July 2020
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L 07‘ 2:,‘20 47 0“ 0, 4"";25'3'_:0':'1'73' 15:“:36:‘5' oD"'s's'o EPO :2020 7 14 8 0 0, Hp=11.0, Pres=2.4, Spee=379.4, Dens=8.3 EPO :2020 7 14 12 0 0, Hp=67, Pres=2.1, Spee=380.7, Dens=7.1
varg ep: ugrgep:2020 7 14 8 0 0-2020 7 14 8 0 0 uqrgep: 2020 7 14 12 0 0-2020 7 14 12 0 0
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o = =90
EPO :2020 7 14 16 0 0, Hp=3.5, Pres=1.8, Spee=367.9, Dens=6.5 EPO :2020 7 14 20 0 0, Hp=0.0, Pres=1.8, Spee=357.4, Dens=7.0 EPO :2020 7 15 0 0 0, Hp=2.0, Pres= 1.2, Spee= 347.0, Dens=4.9
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UQRG VTEC, station-based VTEC, i )
and dVTEC (rescaled) I N

- May.30,2020 12:00:00
I

40

~Jul.14,2020 08:00:00
I

| 40 | * dVTEC time series interpolated at

[ |
30 | NICO - 30 | NICO . the positions of NICO and RDSD
20 V\MW\/\/\/\/\/VW 20 WWWW drawn as orange lines together with
mwv‘\/’\[‘\[\/ " MWMWM the 0.3 threshold shown as orange

. - ; M horizontal lines (both multiplied by
10 for comparison with VTEC)

10 | | | 10 | | |
May27 May31 Jun04 Jul11 Jul15 Jul19
— dVTECHMO —VTEC from UQRGITECU#0] ——VTEC from NICO[TECU] 40 _ Jul-14,2020 08:00:00 40 0ct06,2020 00:00:00
* The vertical black lines determine the 3o RDSD 30 [ RDSD
epochs of dVTEC snapshots 20 M/\A/\A/\( 20|
* blacklines are station-based 10 10l
VIEC 0 el s WM ! 0 Rttty A A
* redlines represent UQRG ” B | | | o | | ,

interpolated at NICO and RDSD, Jul11 Jul15 Jul19 Sep29 Oct03 Oct07 Oct11
respectively ' e

. ——dVTEC*10 —— VTEC from UQRG[TECU+10] —— VTEC from RDSD[TECU]
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* The first objective is to determine inter-diurnal time-frequency scales of VTEC variations  wwscomuesa Oy

The second objective is investigation of resonant frequencies between VTEC and solar wind parameters
(Psw, Bt)
 More strong dVTEC moments are marked (6 yearly), but we analyse only three here (arrows)
- $ - .

a) VTEC at RDSD at wave period band 20 - 1.5 - day, year 20

* Several-hour s * ¢

VTEC peaks are 3 . o : sf I
easy to identify : 2 : 2
by naked eye, but o .
several-day : fo g 3 'jfo
increases have ;| by 3, 3
weaker = I 2" 1l .
amplitudeand o 0
are masked by .
diurnal and f ’ ‘E
other variations ! ; L

2 135 :
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M8.2 earthquake in Mexico in 2017 |,|:|(|, 4
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At the time of strong

EPO :2017 9 8 0 0 0, Hp=207.3, Pres=36, Spee= 609.7, Dens= 4.3 EPO :2017 9 8 2 0 O, Hp=940, Pres=3.4, Spee=721.6, Dens=3.3
. ugrgep:2017 9 8 0 0 0-2017 9 8 0 0 0 ugrgep: 20177 9 8 2 0 0-2017 9 8 2 0 O 2
geomagnetic storm we
. . 15
can find extensive 1
anomalies following the »
Sun on the dayside. .
-05
However, the anomaly 4
over M8.2 earthquake in T e - . e 18
M eXiCO pe rSiStS a lSO EPO :2017 9 8 4 0 0, Hp=61.5, Pres=3.3, Spee=754.1, Dens= 2.8 £ro :zou:;g e:i: 23176 90 Bo’ :p;?»!'-g,_l;?:?,- 3.90y sﬁpee; 74:.9'0'”“5- 28 2
. . N ugrgep:20177 9 8 4 0 0-20177 9 8 4 0 O i
during the nightime. .
1
/Plate boundary NA- 0s
CA (North American- D

Caribbean)

M=8.2 earthquake in
Mexico
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Other strong earthquakes A
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EPO :2015 3 30 2 0 0, Hp=7.0, Pres= 2.6, Spee= 357.0, Dens=10.3 EPO :2015 4 25 8 0 0, Hp=0.4, Pres=1.1,

° The t|me Of the Strongest ugqrgep: 2015 3 30 2 0 0-2015 3 30 2 0 O ugrgep:2015 4 25 8 0 0-2015 4 25 8 0 0

2
earthquakes is often free from s G D
VTEC anomalies s §

% 05
* e.g. we had problems with .
finding case with strong dVTEC
in 2015 4
O vgemots 21 4o s 2t e e R epi 205 9 16 320 02015 0 a6 2 0 0 O raemzors '3 30 100 o-z0rs 3 a6 o )
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Before M6.8 earthquake in Kumamoto in 2026
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* Different days before M=6.8 earthquake show pronounced dVTEC anomalies WARIIISKO-MAZURSK

* Presented anomalies are instantaneous, but often represent longer (weaker) VTEC increase

EPO :2026 7 12 14 0 0, Hp=225, Pres= NaN, Spee= NaN, Dens=NaN EPO :2026 7 22 16 0 0, Hp=15.5 Pres=NaN, Spee=NaN, Dens=NaN EPO :2026 7 24 6 0 0, Hp=8.0, Pres= NaN, Spee= NaN, Dens= NaN
uqrgep:2026 7 12 14 0 0-2026 7 12 14 0 O uqrgep: 2026 7 22 16 0 0-2026 7 22 16 0 O uqrgep:2026 7 24 6 0 0-2026 7 24 6 0 O
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. L
NPT 03
..‘,"L,:‘:-'"g'::.

- - —es =90
EPO :2026 7 26 12 0 0, Hp=4.3, Pres= NaN, Spee= NaN, Dens=NaN EPO :2026 7 27 0 0 0, Hp=5.7, Pres= NaN, Spee= NaN, Dens=NaN EPO :2026 7 28 8 0 0, Hp=5.0, Pres=NaN, Spee= NaN, Dens=NaN
ugrgep:2026 7 26 12 0 0-2026 7 26 12 0 0 ugrgep:2026 7 27 0 0 0-2026 7 27 0 0 0 ugrgep:2026 7 28 8 0 0-2026 7 28 8 0 0
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Averaged dVTEC compared to solar wind and | /L‘l"l/ '
cumulative seismic energy (2017, 2018)
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* Calculated are st. Dev. of dVTEC (14-day time window), Solar wind parameter (SWP) in time epochs (product
of solar wind speed and proton density) and CSE in UQRG pixels (cumulative seismic Energy)

SAVTEC(dO,p0,A0) = |2 ya0tw/2h=astte  (dVTEC(d,h,90,10) —w)?  CSE(d0,90,20) = To20 0% TA2E%) o Do o, /o VIOTSM + 4.8

« SAVTEC is a 14-day average, GAVTEC is its global average, two remaining values are also averaged in 14-day
windows (and globally if not global directly)
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Jarmotowski W, Wielgosz P, Krypiak-Gregorczyk A, Milanowska B. 2026, An eight-year global look at
correlations between total electron content, earthquakes and solar wind, Advances in Space

- GdVTEC ——GCSE ——GSWP
Research 77(2), 2508-2521, https://doi.org/10.1 j.asr.2025.10.064. . .. , T —
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* The authors wish to thank the UPC lonSAT for UQRG GIMs available at
https://cddis.nasa.gov/archive/gnss/products/ionosphere/

* The station GNSS data are downloaded from ftp://cddis.gsfc.nasa.gov/

 The earthquake series are downloaded from the service of United States Geological
Survey available at: https://earthquake.usgs.gov/earthquakes/search/

« The OMNI datasets of solar wind parameters are downloaded from
https://spdf.gsfc.nasa.gov/pub/data/omni/ (contact: Papitashvili N.)

* Tectonic plate boundaries are downloaded from data webpage:
https://github.com/lcx366/Platelectonic
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Conclusions/open issues A~ ¢
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* The indicated diverging/transforming tectonic plate boundaries are suspected to
participate in the lithosphere-ionosphere energy transfer.

* The formation of VTEC anomalies can be related to increased conductivity of the Earth
in the indicated places, as their extrema repeat in the places of higher conductivity

* Their origin is suspected to be solar/geomagnetic, because they are large over
’fhousdands of kilometers and occur simultaneously with particle precipitation at high
atitudes

* The conductivity increases from radon emmissions must be analyzed in parallel to the
large-scale VTEC enhancements (smaller VTEC anomalies or parts of larger ones?)

* |s descending part of the solar cycle important for the coupling and earthquakes?
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