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Abstract — The temporal and spatial structures of
storm-time ionospheric disturbances are complex and driven
by various processes. An understanding of these processes
and characterization of the variability are important to vali-
date and improve storm-time ionosphere models, which are,
in turn, crucial for reliable operation of communication and
navigation services. For that reason, the present study uses
a three-step superposed epoch analysis to investigate the
temporal and spatial propagation of total electron content
enhancements. The results show a distinctive global struc-
ture and seasonal variability that is in good agreement with
the established understanding of storm-time ionospheric
disturbances. Thus, the approach provides a promising tool
to validate and improve storm-time ionosphere models.

1. Introduction

Communication and navigation services are impacted
by space weather-driven ionospheric disturbances [1, 2];
therefore, ionospheric modeling and forecast are of great
interest. For example, geomagnetic storms driven by coronal
mass ejections can cause global ionospheric disturbances
that propagate in complex structures. For that reason, efforts
to develop near real-time forecasts require intensive research
and validation to achieve reliable predictions.

The storm-time ionosphere model proposed and
developed by [3] predicts the effects of solar storms on
the ionospheric total electron content (TEC) on the basis
of comparison of real-time and historical solar wind data
during events (forecast period of 24 h). The model has
been validated with commonly used metrics (e.g., root-
mean-square error comparison between observations and
predictions) and consequently improved. Nevertheless,
differences in the spatial distribution still occur, because
the propagation of TEC enhancements is also influenced
by other processes (e.g., seasonal variability) [3].

For that reason, the present study investigates the
global structure of storm-time TEC in more detail via super-
posed epoch analysis (SEA). This approach describes
changes independent from the specific solar wind conditions
and emphasizes other impacts (e.g., seasonal variability).
The results may be applied to further validate the storm-time
ionosphere model by [3]. The results are also of general
interest to better understand storm-time TEC responses.
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2. Data

TEC is a commonly used measurement to describe
the ionospheric state and its variability. Global TEC maps
are provided by the International Global Navigation Satel-
lite System Service (IGS) [4], which were also applied in
preceding modeling studies of the storm-time ionosphere
[3]. For that reason, rapid high-rate solution TEC maps
(15 min cadence) provided on the IGS home page [5] are
applied in the present study. A list of approximately 600
historical events (storm onset times at Lagrange point 1)
from 1998 to 2018 with significant ionospheric distur-
bances was established in preceding studies [3] on the
basis of literature (e.g., the catalog by [6, 7]) and thresholds
for plasma and magnetic field parameters.

3. Method

The present study is primarily concerned with
estimating the temporal and spatial propagation of TEC
enhancements and applies a three-step SEA approach for
that purpose. In short, this requires averaging series of
TEC maps with a constant time window starting with the
respective storm onset time. However, this general procedure
is adapted, as described in the following.

First, TEC maps with grid points according to geo-
graphic latitude ¢ and longitude A are transformed to TEC
maps with grid points according to geographic latitude ¢
and local time /. The required shift for this transformation
(axis of A\ and /) is calculated between the corresponding
Universal Time (UT) and 12:00 local time (LT). Thus, the
resulting TEC maps are dayside centered and can also be
combined without considering the UT storm onset time 7.

Next, for each onset time 7z from the list of historical
events 7x, the TEC maps are extracted from both data sets
between tr — 3 h and #z + 24 h. All extracted data sets
are stored in a matrix according to time step ¢, latitude ¢,
longitude A or local time /, onset time ¢z, and day of the
year ny. SEA may be calculated by averaging the data
according to dimensions of interest to extract a specific
view on the TEC response. Thus, the SEA that is used to
emphasize changes according to ¢ and / is calculated as

| 7k |

1
SEA(t,$,1)= —— Y TEC(tg,t,6,1) )
| Tk |
Two-dimensional representations SEA(z, ¢) and SEA(¢, /)
could be calculated as well, but neither would allow
describing the propagation of disturbances. For that
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Figure 1. Superposed epoch analysis SEA(z, n,) of TEC according

to time step ¢ and day of year n, from onset time #z. The results are
calculated with all entries from the list of historical events. The
dashed line marks the storm onset time.

reason, SEA(¢, ¢, 1) is instead reduced by estimating the
time step nax of the maximum TEC enhancement as

tmax (¢, 1) = argmax SEA(t, ¢, 1) ()

The values of the resulting fy.(¢,[) are time
steps (from 0 h to 24 h). The maximum TEC enhance-
ment TEC,,x is similarly calculated as

TECumax(¢, ) = max SEA(1, ¢, 1) (€)

4. Results

Figure 1 shows the superposed epoch analysis
SEA(t,n4) of TEC according to time step ¢ and day of
year ny of the storm onset, with a significant response
to the selected events (maximum enhancement at approxi-
mately 5 h) and seasonal variability. This result, among oth-
ers, confirms that the list of event onset times is appropriate
to describe storm-time TEC responses. This was established
with analysis of selected events [3]. On further analysis, (2)
is adjusted to account for this seasonal variability, and two
separate periods are analyzed, winter (from December 1
to February 28) and summer (from June 1 to August 31)
according to the Northern Hemisphere, with 91 and 75
historical events, respectively (only periods without signifi-
cant data gaps). Spring and fall would also be of interest, as
they show the strongest TEC enhancements (see Figure 1),
but much stronger spatial variations are expected between
winter and summer.

Figure 2 shows the maximum enhancement time
fmax (2) during the Northern Hemisphere winter (a) and
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Figure 2. Maximum enhancement time f,,x according to geographic
local time / and latitude ¢ during Northern Hemisphere winter (a) and
summer (b).

summer (b). For both periods, a temporal structure is
observed, but transitions between adjacent grid points are
especially well defined during the Northern Hemisphere
winter. The results presented in Figure 2 describe the tem-
poral structure of the TEC enhancements appropriately. In
both periods, TEC enhancements occur first at the poles
and propagate toward high latitudes at nightside and 1 h to
2 h later at dayside. Next, the TEC enhancements propa-
gate toward middle latitudes at dayside, and from there,
toward nightside (¢, from 3 h to 9 h). The enhancements
on both hemispheres merge in low latitudes at nightside
and propagate further along the equator (,.x from 9 h to
15 h). The latest enhancements occur at dayside (dawn,
18:00 LT) in Figure 2a and back at nightside (night, 03:00
LT) in Figure 2b. The transition at low latitudes in Figure
2b is interrupted due to stronger TEC enhancements at
later #,.x. Nevertheless, a transition region can be assumed.
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Figure 3. Maximum TEC enhancement TEC,,,x according to geo-
graphic local time / and latitude ¢ during Northern Hemisphere win-
ter (a) and summer (b).

Further, the global structure is shifted by approximately
10° northward in Figure 2a and southward in Figure 2b.
Thus, various differences are observed due to seasonal
variability. Generally, the results are in good agreement with
the established understanding of storm-time TEC [8, 9].

The maximum TEC enhancement TEC,,,x (3) is
shown in Figure 3 according to fy,x in Figure 2. The
global structures of ., and TEC,.x are moderately
correlated (correlation coefficient of 0.45), and, for
example, in the initial period, a similar increase from
high to middle latitudes occurs (correlation coefficient
of 0.65 at . from 0 h to 6 h). During the transition
from middle to low latitudes, the correlation decreases
(correlation coefficient of 0.25 at #,,,x from 6 h to 14 h),
because TEC .« is decreased on the nightside. Thus, an

-2 -1 0 1 2 3 4 5 6
SEA(¢,A) [TECU]

Figure 4. Difference between observed and predicted TEC during
Saint Patrick’s Day geomagnetic storm at March 17, 2015 (6 h after
onset) according to the forecast model by [3] (a) and superposed
epoch analysis SEA(¢, \) of TEC for the corresponding day of year
and time step (b). The nightside is indicated with dark shading.

analysis on the basis of only TEC,,,x cannot indicate the
relation with geographic local time.

5. Discussion

Figure 4a shows an example of a TEC error map
from the forecast model by [3] during the Saint Patrick’s
Day geomagnetic storm on March 17, 2015. Large struc-
tures with negative values at low and middle latitudes are
observed for the dayside. Smaller structures with positive
or negative values are observed for the nightside. These
features are weakly correlated to the SEA (¢, \) for this day
of the year and time step (see Figure 4b). These results are
calculated by transforming the SEA(¢, /) from geographic
local time to longitude according to the onset time of the
Saint Patrick’s Day geomagnetic storm. If the correlation
exists for other events as well, then the SEA results may
be applied for regional adjustments according to Figure 2.
If, for example, the SEA result in Figure 4b is simply
added to corresponding predictions of the example TEC
error map in Figure 4a, then the reported root mean square
error of 3.22 TECU [3] is reduced to 2.90 TECU.

The proposed approach could be improved, because
more pronounced transitions are preferable. In particular,
the results in Figure 2b show more small-scale variations
and are, therefore, more difficult to analyze. This is partly
due to the smaller number of available reference events,
which, however, will increase as solar cycle 25 progresses.
A more challenging problem is the superposition of TEC



enhancements along the equator in Figure 2b. This problem
may be solved by identifying secondary maxima to analyze
these regions in more detail. Generally, the approach would
also benefit from a higher spatial and temporal resolution.

6. Conclusion

The present study applied a three-step SEA approach
to investigate the temporal and spatial propagation of TEC
enhancements during storm times. The matrix calculated
for this purpose allows us to describe these TEC responses
according to day of the year or UT onset time. More cate-
gories could be added (e.g., geomagnetic activity level)
using the list of historical events. The calculated TEC
response according to geographic latitude and local time
(see Figure 2) is in good agreement with other studies [8,
9] and provides well-defined structures for the maximum
TEC enhancements.

For that reason, the forecasts of the storm-time iono-
sphere model by [3] will be analyzed with the new results.
Of particular interest is whether previously identified spa-
tial deviations occur in cases in which the predicted tempo-
ral and spatial propagation of TEC enhancements differ
from the SEA results. If such a correlation is found, these
deviations can be minimized using the SEA approach. If
not, the investigated processes can be considered of lower
importance in further analyses. Either way, the new results
provide more insight into storm-time TEC responses.
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