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Abstract

The Ionospheric Data Assimilation Four-Dimensional
(IDA4D) technique has been coupled to Sami3 is Another
Model of the Ionosphere (SAMI3). In this application,
ground- and space-based GPS Total Electron Content
(TEC) data have been assimilated into SAMI3 while in situ
electron densities, autoscaled ionosonde NmF2 and
reference GPS stations have been used for validation.
IDA4D/SAMI3 shows that Night-time Ionospheric
Localized Enhancements (NILE) are formed following
geomagnetic storms in November 2003 and August 2018.
The NILE phenomenon appears as a moderate,
longitudinally extended enhancement of NmF2 at 30-40° N
MLAT, occurring in the late evening (20-24 LT) following
much larger enhancements of the equatorial anomaly crests
in the main phase of the storms. The NILE appears to be
caused by upward and northward plasma transport around
the dusk terminator, which is consistent with eastward
polarization electric fields. Independent wvalidation
confirms the presence of the NILE, and indicates that
IDA4D is effective in correcting random errors and
systematic biases in SAMI3. In all cases, biases and root-
mean-square errors are reduced by the data assimilation,
typically by a factor of 2 or more. During the most severe
part of the November 2003 storm, the uncorrected
ionospheric error on a GPS 3D position at 1LSU
(Louisiana) is estimated to exceed 34 m. The
IDA4D/SAMI3 specification is effective in correcting this
down to 10-m.

1 Introduction

Nighttime Ionospheric Localized Enhancements (NILE)
have been observed at northern mid-latitudes during the
recovery phase of major storms and superstorms (Datta-
Barua, 2004; Datta-Barua et al., 2008), notably 31 October
and 20 November 2003. The NILE constitutes a major
enhancement of the ionosphere relative to the background
nighttime ionosphere, in a latitudinally narrow channel
extending from the south-east to the northwest. In all cases
observed to date, the NILE appears to originate above the
Caribbean and extends into the continental USA. This
phenomenon is not currently understood. State-of-the-art
physics models account for many important
electrodynamic and chemical effects, and have been shown

to be able to model the SED. However global models have
not, to date, captured the localized nature of the NILE. We
seek to address the improvement in modeling the plasma
density of the NILE using data assimilation.

2 Method

This investigation uses assimilation of GPS-derived TEC
data (the IDA4D technique) to correct a first-principles
ionospheric model (SAMI3) in order to produce three-
dimensional, time-dependent images of electron density
during two ionospheric storms. The primary case is 20-21
November 2003, which is the most recent ionospheric
superstorm. The storm of 25 — 26 August 2018 is chosen as
a comparison case because it has good data coverage and
covers a moderately intense geomagnetic disturbance. For
validation, we use independent GPS stations, ionosonde
data and in situ density data from the CHAMP satellite.
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Figure 1 shows the data assimilated in a single five-minute
assimilation step centered on 23:30 UT on 20 November
2003 and 26 August 2018. 400-km piercepoints of ground-
to-space GPS TEC data are in black. Tangent points of
radio occultation data are in red. Locations of satellites
taking upward GPS TEC measurements are in blue.



3 Results

The evolution of the November 2003 storm, as captured by
IDA4D/SAMI3, is shown in Figure 2. This data shows an
enormous enhancement of NmF2 up to 2E13 el. m? at 21
UT. Note that this enhancement occurs much later in local
time than might be expected, covering the region
approximately 0-80 W (16-24 LT).

Figure 2: Evolution of the November 2003 storm as
captured by IDA4D/SAMI3. NmF?2 is in the upper panels
in color, while hmF2 is in greyscale in the lower panels.
NmF2 contours are spaced by 2.5x10'? el. m™ (starting at
2 x10"? el. m™) while hmF2 contours are spaced by 125 km
of altitude. Panels cover 18:30 — 23:30 UT at hourly
intervals. Local noon is shown as a yellow dashed line.

IDA4D/SAMI3 indicates a huge enhancement of the
equatorial ionization anomaly in the late evening sector,
peaking at 2x10'? el. m™ at 21:00 UT. This is accompanied
by a dramatic uplift of the ionospheric peak height up to
711 km at 21:30 UT, close to the equator between the
anomaly crests. This supercharging of the “fountain” effect
is responsible for the enhanced NmF2 poleward of the
uplift region. A remarkable feature of this storm as it
evolves temporally is that the northern enhanced EIA crest
remains in the same longitude sector for >5 hours,
effectively “stuck” above the Caribbean with a peak around
70 W. The IDA4D/SAMI3 model output shown in Figure
3 indicates this NILE event.

Figure 3: Night-time ionospheric localized
enhancements (NILE) in the American sector following
the November 2003 storm, as estimated by
IDA4D/SAMI3. Upper: NmF2 in color and white
contours, lower: hmF2 in greyscale and white contours.
International Geomagnetic Reference Field contours are
shown in magenta.

4 Validation

The CHAMP in situ density dataset allows for direct
validation of the NILE phenomenon seen around 3:00 UT
on 20 November 2003. Data from CHAMP’s successor,
Swarm, are available to validate the August 2018 case,
though the relevant pass is too early to see the NILE on that
day. Note that these data are not used by IDA4D in this
case, so the output in Figure 4 is an independent validation.
On 21 November 2003, CHAMP passed approximately
along the 60 W meridian at 455 km altitude, moving from
south to north between 2:25 and 3:00 UT. The NILE
enhancement around 30° N is clearly visible in CHAMP
and in IDA4D/SAMI3, as are the other major features of
both plots — notably the northern EIA crest around 15° N
and the southern crest between 35-50° S. These features are
either absent or distorted in the standalone SAMI3 output.
In the August 2018 case, IDA4D/SAMI3 also greatly
improves agreement between model and data.
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Figure 4: Validation of IDA4D/SAMI3 and SAMI3
against in situ electron density data from CHAMP (~450-
km) and Swarm A (~425-km) from 2:25-3:00 UT on 21
November 2003 and 23:15-23:50 UT on 25 August 2018
respectively. The results indicate that IDA4D/SAMI3
performs much better than SAMI3 in reproducing the
major features of the independent CHAMP and SWARM
in situ data.

The November 2003 storm case is also validated in terms
of ionospheric errors on 3D GPS position. This is achieved
as follows:

First, the ionospheric range error on single-frequency
GPS is calculated based on the dual-frequency TEC data
observed by the reference GPS stations.

Second, a correction is applied based on the model
(either IDA4D/SAMI3 or SAMI3).

Finally, an inversion is performed to estimate the 3D
position of the test receivers, based on the observed



ionospheric delays and the modeled corrections. This is
compared against the known true position of the test
receivers.

The observed range, doss, is calculated by adding the true
distance between the i satellite position, #xi, based on
precise orbit files) and receiver, dme, and the delay in
meters due to slant Total Electron Content (sSTEC) between
the satellite and receiver, diono. At L1 (1575.42 MHz), the
following applies:

diono=sTEC / 6.13 (1)
where sTEC is in TEC units (10'® el. m?). From these
simulated ranges, the single-frequency position estimate,
FXest, can be obtained by minimizing a cost function. In that
cost function, the satellite’s elevation angle, e, is used as a
scaling factor to prioritize fitting to satellites overhead
rather than at low angles, where ionospheric and other
errors are typically much larger:

. 2
TXese = arg.min. Y ((rx — tx)? — dopsi’) e (2)
The 3D GPS position validation for November 2003 is

shown in Figure 5, covering the AMC2 and 1LSU
reference stations.
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Figure 5: Ionospheric errors on 3D GPS posmon at
AMC?2 and 1LSU reference stations, based on uncorrected
observed TEC, SAMI3-corrected TEC and
IDA4D/SAMI3-corrected TEC.

Uncorrected ionospheric errors on 3D position at the two
stations are estimated to have exceeded 34 m in magnitude
at 1LSU at the peak of the storm. These errors are reduced
to a maximum 10m error at the peak of the storm by
IDA4D/SAMI3. Note that the data assimilation is critical
to this performance improvement — SAMI3 without data
assimilation at best provides only a modest improvement
and in some cases makes the positioning solution worse
(e.g. at AMC2 on 20 November).

5 Discussion

The new coupled IDA4D/SAMI3 model provides insights
into the NILE phenomenon. The results of this new
technique show night-time (20-24 LT) ionospheric electron
density enhancements between 30-40° N MLAT in the
aftermath of a great storm (November 2003) and a strong
storm (August 2018). In both cases, the plasma source for
these enhancements appears to be the storm-enhanced
northern equatorial ionization anomaly crest, though there
are some important differences between the two events.
Independent validation indicates that the IDA4D/SAMI3
results are reliable.

6 Conclusions

The newly-coupled IDA4D/SAMI3 shows the NILE
occurring after storms in November 2003 and August 2018.
The phenomenon appears as a moderate, longitudinally
extended enhancement of NmF2 at 30-40° N, occurring in
the late evening (20-24 LT) following much larger
enhancements of the equatorial anomaly crests in the main
phase of the storm. Electric field effects related to the
“superfountain” and the polarization at the terminator
appear to be the cause of these enhancements. Validation
against independent in situ density data, autoscaled
ionosonde NmF2 data and reference GPS data indicates
that IDA4D is effective in correcting biases present in
SAMI3. The impact can be 35-50% reductions in root-
mean-square NmF2 errors, and up to 70% improvement in
GPS positioning estimates.
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