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Abstract
The modeling of the vertical total electron content (VTEC) is essential for reliable
satellite communication, positioning and navigation. We use an empirical model
to derive VTEC during severe space weather events such as the St. Patrick’s Day
magnetic storm on March 2015. The changes in VTEC for this space weather
event can be well explained by effects produced by the solar flares and the coro-
nal mass ejection (CME). However, during the main phase of the magnetic storm
we observe strong increases in VTEC. The origin of these increases is not clear.
We explain these dynamical changes in VTEC using multi-spacecraft observa-
tions in the solar wind and the magnetosphere as well as Swarm Langmuir probe
measurements and terrestrial ionosonde data. We support the observations by
simulations using the Space Weather Modeling Framework (SWMF).

Modeling

Fig. 4 Simulations of the magnetosphere using SWMF. Green color scale indi-
cates number density of protons. Right color scale shows electric field magnitude.

Relation between VTEC, solar and geomagnetic activity
• Multiple solar flares lead to VTEC enhance-

ments (panel a). Solar flares of M-class are ob-
served on 09/03/2015 and are not yet reflected in
F10.7 index (panel b). The strongest solar flare
of X-class is observed on 11/03/2015 (see Fig. 1)

Fig. 1 (left) AIA 131 Å SDO image of the flaring
regions; (right) SOHO LASCO C3 image of the
inner heliosphere.

• A C9-class solar flare triggers solar radia-
tion storm observed by GOES satellites from
15/03/2015 to '17/03/2015 (panel c). This is
not reflected in the VTEC observations.

• The CME (see Fig. 1) arrives on 17/03/2015
at 04:45 UT (increase in the solar wind speed
(panel d), northward turn of the Interplanetary
Magnetic Field (IMF) (panel e) and sudden
storm commencement seen in increase of Dst
(panel f)). It does not trigger changes in VTEC.

• The strongest changes in VTEC are associated
with substorms seen in increases of AE index
(panel g). Electric fields generated via substorms
(see Fig. 4) penetrate into the ionosphere and
lead to enhancements in VTEC [e.g. Mendillo,
2006; Nava et al., 2016].

• The decrease of the VTEC (negative ionospheric
storm) during the magnetic storm recovery phase
(start is indicated by the red line) is associated
mainly with the decrease in thermospheric O/N2
density ratio because of storm-induced high-
latitude circulation of gas with depleted O/N2
density ratio to lower latitudes [e. g. Kumar &
Kumar, JGR, 2019].
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Fig. 2 (a) VTEC (global mean). The VTEC model of
DGFI-TUM is based on B-spline expansions. The un-
known series coefficients are estimated from GNSS ob-
servations using a Kalman Filter; (b) F10.7 index; (c)
proton flux (>10 MeV) observed by GOES; (d) the so-
lar wind speed; (e) the vertical component of the IMF,
Bz; (f) Dst index; (g) AE index. The vertical grey lines
indicate local minima of the IMF Bz; the vertical red
line shows beginning of the recovery phase of the mag-
netic storm.

• The ionosonde F2 peak electron density values
(e.g. Fig. 3, top) agree with the strong varia-
tions in VTEC (panel (a)) on 17/03/2015. The
Swarm Langmuir probe also shows increased
highly-variable electron densities.
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Fig. 3 (top) NmF2 electron density from the
ionosonde RO041. The DOY 043 is a refer-
ence day for quiet ionospheric conditions; (a)
VTEC; (b) IMF Bz; (c) AE index.

• Electron density increases with delay of about
4 hours after local Bz minimum.

• At about 15 UT and 17:30 UT strong dipolar-
izations associated with electric fields are ob-
served by THEMIS-A (not shown). In 3 hours
peaks in electron density are seen, in agreement
with Ritter et al. 2010.

Conclusions and Outlook
• An empirical/analytical prediction of VTEC based only on the solar and

geomagnetic parameters is difficult due to time delay in the ionospheric re-
sponse. A model based on convolutional neural network algorithms maybe
helpfull.

• Physics based models of the Thermosphere/Ionosphere/Magnetosphere
still has to be properly coupled.
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