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Dayside midlatitude ionospheric response to storm time electric
fields: A case study for 7 September 2002
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[1] With the storm of 7-8 September 2002 as a study case, we demonstrate that an
ionospheric model driven by a suitable storm time convection electric field can
reproduce the F region dayside density enhancements associated with the ionospheric
storm positive phase. The ionospheric model in this case is the Utah State University
Time Dependent lonospheric Model (TDIM); the electric field model is the University of
Michigan’s Hot Electron and lon Drift Integrator (HEIDI). Extensive ground truth is
available throughout the study period from two independent sources: ground-based
vertical TEC and ionosonde stations; our simulation results are in good agreement with
these observations. We address the question of what is the source of the high-density
plasma that is seen during the positive storm phase and show that in this case a
magnetospheric electric field with an eastward component that penetrates to midlatitudes
increases local production on the dayside to a degree that is sufficient to account for the
storm time density increases that have been observed.
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1. Introduction

[2] Electron density enhancements in the dayside iono-
sphere are often seen during geomagnetic storms. Foster
and Rideout [2005] described the magnitude and extent of
these F' region enhancements, which may represent a dou-
bling of the F region electron densities as measured by
either the Total Electron Content (TEC) or the peak density
(NmF2). Most often these positive phase features have been
reported over the United States; it is not clear whether the
American sector is actually favored for their formation, or if
this surplus of sightings is due to an observational bias,
owing to the relatively high density of GPS TEC receivers in
the United States, as well as the high degree of interest in
ionospheric irregularities in the U.S. because of the dis-
ruptions that may be caused in communications or the Wide
Area Augmentation System (WAAS). When seen over the
U.S., the enhancement often takes the form of an extended F'
layer high-density ridge aligned in a northwest direction. Its
northern extremity may be the storm enhanced density
(SED) feature described by Foster [1993]. Foster et al.
[2002], using satellite UV imagery, found that the plasma-
spheric “drainage plumes” were on the same magnetic field
lines as the F layer density ridge. A study of European
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ionosonde data covering nearly a half century was carried
out by David and Sojka [2010]; among the findings was that
these positive phase enhancements are by no means limited to
intense storm periods; in fact, they were often seen to occur
during times of very moderate disturbances that followed
extended quiet periods. The source of the plasma that con-
stitutes these density increases has been the subject of a good
deal of debate during the last decade; a number of mechan-
isms have been proposed to account for the enhancements.
Tanaka and Hirao [1973] demonstrated that an eastward
electric field will raise the F'layer and thereby increase NmF2.
This lifting of the F layer could also be the result of equa-
torward thermospheric winds, independent of any electric
field. Tsurutani et al. [2004] and Mannucci et al. [2005]
showed correlations between enhancements at midlatitudes
and equatorial latitudes, leading them to suggest that both
vertical and horizontal transport from equatorial regions leads
to the enhancements. However, Heelis and Coley [2007]
found midlatitude enhancements that were not correlated
with equatorial anomaly enhancements. Sobral et al. [1997]
discuss large-scale plasma transport at low latitudes during
a series of storm periods, while Tsurutani et al. [2008] give a
detailed discussion of the dayside ionospheric enhancement
at low latitudes during a very intense storm.

[3] Heelis et al. [2009], in a study based on in situ obser-
vations from the Defense Meteorological Satellite Program
(DMSP), examined a storm period in which the boundaries
of the disturbed magnetospheric electric field were seen to
have moved equatorward by as much as 15 degrees of lati-
tude. This extended, or “penetrating” electric field was then
shown to be capable of producing TEC enhancements on the
dayside. With Utah State University’s Time Dependent
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Figure 1. Geomagnetic activity as given by the indices Dst and Kp during the 2 1/2 day study period of
6—8 September 2002. The storm onset occurs about halfway through 7 September (day 250).

Ionospheric Model (TDIM) it was shown that an eastward
electric field with a strength of only about 4 mV/m is suffi-
cient to bring about a doubling of the midlatitude dayside
TEC within several hours. Thus Heelis et al.’s [2009] work
argued strongly that local production, and not transport, was
a key mechanism for the storm time dayside enhancements.
David et al. [2010], presented at the AGU Fall Meeting,
extended the TDIM model by incorporating convection
electric field patterns from the University of Michigan’s Hot
Electron and Ion Drift Integrator model (HEIDI) (see section
4 of this paper). The storm period of 17 April 2002 was
simulated; the result was an extensive and structured dayside
midlatitude F' region enhancement. However, at that time it
was not possible to make comparisons of the modeled result
with observations, as the simulation showed the enhance-
ment region to be located over the Atlantic Ocean. In the
work reported in this paper we have redone and expanded the
study, again using convection patterns from the HEIDI
model, this time for the storm period of 8 September 2002
when data from both GPS TEC and ionosonde observations
are available for comparison with simulation results.

[4] It is our intention to put to the test, with realistic
electric field conditions that were in effect during the storm
of 7-8 September 2002, the claims put forward by Heelis
et al. [2009] based on a very simple electric field model;
namely, that a storm time magnetospheric electric field is

(or can be) sufficient to bring about midlatitude dayside TEC
enhancements of the magnitude that is observed; and that it is
not necessary to suppose that high-density plasma already
existing at lower latitudes must be transported northward in
order to account for the observed density increases.

2. The Study Period, 6—8 September 2002

[5] A geomagnetic storm of moderate intensity set in near
15:00 UT on 7 September 2002 (day 250), reaching a Dst
minimum of —180 just after 00:00 UT the following day; the
United States east coast is at about 10 h local time at the
storm’s onset. The maximum value of the 3-hourly Kp index
was 7". What we refer to as our “study period” includes the
quiet day preceding the onset of the storm, that is, 6 Sep-
tember (day 249), all of day 250, and the first half of day 251.
Figure 1 shows how the geomagnetic activity evolved during
this period, as indicated by both the 1-hourly Ds? index,
and the 3-hourly Kp index. This storm was chosen as a
good study case for several reasons: First, the storm has a
well-defined and steep onset following a period of quiet
conditions. Second, the timing of the storm’s onset is such
that positive storm effects are likely to be produced in the
American longitude sector (J. J. Sojka et al., A modeling study
of the longitudinal dependence of storm time midlatitude
dayside TEC enhancements, submitted to Journal of
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Figure 2. Vertical TEC data from GPS over North America
(left) at 21:00 UT on 6 September 2002 during quiet con-
ditions and (right) at the same time on 7 September, about
6 h after the storm onset.

GeophysicalResearch, 2011); this will make for easy com-
parison with observations, due to the excellent coverage of
GPS TEC data over North America. Third, the availability
of electric field convection patterns from the University of
Michigan’s HEIDI model (see section 4). Also, the avail-
ability of measurements of the F' region peak (f,F,) from
several ionosonde stations in North America (see section 6),
for comparison with the model results. Note that this storm
has been referred to in the literature [e.g., Zhang et al.,
2007] as 8 September 2002; it has been labeled in this
way based on the day of occurrence of the Ds¢ minimum.
Despite this, our focus in this paper is on 7 September, and
the positive storm effects (i.e., F region density enhance-
ments) that occurred in North America on that day. We
will not discuss the aftereffects of the storm, e.g., the
ionospheric depletions (or negative phase) that are often
observed following disturbed conditions.

3. Observations of TEC During the Study Period

[6] Global total electron content (TEC) data obtained
from the network of world wide GPS receivers [Mannucci
et al., 1998; Coster et al., 2003] are calculated using the
MIT Automated Processing of GPS (MAPGPS) software
[Rideout and Coster, 2006]. These data are available from
the Madrigal database, an open source, web based, distrib-
uted database system which provides Web-based data stor-
age, retrieval, search, and visualization freely available to the
space science community. The TEC estimates are produced
in 1° x 1° bins of latitude/longitude with 5 min temporal
resolution and distributed over those locations where data is
available. The errors in the MAPGPS code are tracked
throughout the processing, and random and correlated errors
are handled separately. This allows optimal estimation of
binned measurements using weighted averages and allows
error values to be calculated from each binned measurement.

[7] Observations of TEC from the GPS system show
large-scale enhancements over the North American conti-
nent during the latter half of 7 September 2002 (day 250).
Figure 2 shows a comparison of the ionosphere at 21:00 UT
on the quiet day preceding the storm (Figure 2, left), and
at the same universal time on the following day, about 5
or 6 h after the storm’s onset. In the eastern and southern
United States the values of TEC are nearly doubled,
increasing from levels of about 40-45 TECU on the previous
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day, to 80 or more during the storm. Steep density gradients
are seen along the northern edge of a “ridge” of high TEC
starting in the northeastern U.S., in the Great Lakes region,
extending diagonally northwestward up into Canada. Steep
gradients such as this are thought to cause much of the dis-
ruption that occurs in the Federal Aviation Administration’s
Wide Area Augmentation System (WAAS) during storms.
Observations of the F region peak frequency (f,F>) from
ionosonde stations in the U.S. will be discussed in section 6.

4. Electric Field and Ionospheric Models

4.1. The HEIDI Electric Field Model

[8] The Hot Electron and Ion Drift Integrator (HEIDI)
model solves the gyration and bounce-averaged kinetic
equation for the phase space density of energetic particles
on closed field lines [Liemohn et al., 2004, 2006]. Developed
at the University of Michigan nearly 20 years ago [e.g., Fok
et al., 1993; Jordanova et al., 1996], there are now several
versions of this model in active use [e.g., Gamayunov et al.,
2009; Zheng et al., 2010; Fok et al., 2010; Jordanova et al.,
2010; Liemohn et al., 2010]. The code is not a particle-
tracking model but rather discretizes the kinetic equation
with high-resolution fluid dynamics algorithms, solving for
the distribution on several thousand velocity space cells at
each of several hundred spatial grid cells. The code includes
collisionless drifts due to convective and magnetic origin,
Coulomb collisional scattering and energy decay, charge
exchange, precipitative loss to the upper atmosphere, and
flow through the simulation boundaries. It is coupled to the
Dynamic Global Core Plasma Model (DGCPM) for the
plasmaspheric thermal particle densities [Ober et al., 1997,
Liemohn et al., 2004], uses the Rairden et al. [1986] neutral
hydrogen geocoronal densities, and a static dipole magnetic
field. For these simulations, a self-consistent electric field
calculation is used [Ridley and Liemohn, 2002; Liemohn
et al., 2004, 2005]. In this setup, the model calculates the
hot ion pressures and from this the cross-field magneto-
spheric current density. Divergences of these currents are
computed to yield field-aligned currents into and out of the
ionosphere, where they are closed through Pedersen currents
assuming a dynamically varying conductance. The resulting
ionospheric electric potentials are mapped along the mag-
netic field lines and used in the convective drift terms for the
next time step. This yields a negative feedback process that
inhibits further hot ion injection into the inner magneto-
sphere, forming small-scale structure in the hot ion pressure
peak [e.g., Liemohn and Brandt, 2005] and undulations in
the nightside plasmapause [e.g., Gallagher et al., 2005].

[9] Our purpose in using the HEIDI model is to drive the
TDIM ionospheric model (discussed in section 4.2) with
realistic convection electric field patterns that represent the
storm period of 7-8 September 2002. Previously we have
performed such studies with other convection models, for
example SuperDARN as well as magnetospheric hydrody-
namic (MHD) models, but a very important difference is that
the HEIDI model includes electric field information at
midlatitudes, as far equatorward as 30° magnetic. This is
crucial in the present study, as we have shown previously
[Heelis et al., 2009; David et al., 2010] that an eastward
electric field of small magnitude, as low as 1-5 mV/m, on the
dayside at midlatitudes can have a large impact on the
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Figure 3. Contours of the HEIDI electric field potential; contour lines are 10 kV apart. Both are
taken from 7 September 2002 (left) during quiet conditions at 09:00 UT and (right) during the storm

at 21:00 UT.

electron densities in the F region, increasing TEC by as much
as a factor of 2 over the course of several hours. In this study
we use a series of HEIDI-generated convection electric field
patterns spaced 30 min apart, starting at 0000 UT on day 250
(7 September) and continuing throughout day 251. The
patterns extend from the pole down to 30° magnetic latitude,
covering all longitudes. In Figure 3 we show two HEIDI
patterns from the series, both for day 250; at left, 09:00 UT,
before the storm has begun; and at right, 21:00 UT, about 5
or 6 h after the onset. The equipotential contours are spaced
10 kV apart. At left, for the quiet time, a count of contour
lines reveals a cross—polar cap potential drop of about 60 kV;
for the storm time pattern at right the drop is 130 kV. These
numbers are consistent with the relation between the polar
cap potential drop and the Kp index, ® = 20 + 14 x Kp
[Heppner, 1973; Kivelson, 1976]. At 09:00 UT the 3-hourly
Kp value has just changed from 3 to 2—; for 3, the above
formula gives ® = 62, while at 21:00 UT, with Kp =7, ® =
122. It can be seen in Figure 3 that the electric field has
expanded to midlatitudes during the disturbed time. In order
to gauge the importance of the small-magnitude “residual”
electric field that penetrates to midlatitudes, we have run the
TDIM model to follow plasma trajectories for three cases and
plotted them in Figure 4: case a, pure corotation; case b, the
quiet time HEIDI electric field pattern shown in Figure 3
(left); case ¢, the storm time pattern in Figure 3 (right).
The eastward component of the electric field, which even in
case ¢ does not exceed 2.5 mV/m, is sufficient to drive the
plasma toward the pole across several degrees of latitude.
This northward movement of the plasma is all-important, as
it is this motion that induces an upward ion drift, owing to the
inclination of the magnetic field lines. In case ¢, this upward
ion drift has a magnitude of about 20 m/s; it will be shown
later in this paper that this is sufficient to bring about a large
increase in F region densities. This mechanism for producing
dayside storm time enhancements was discussed at length by
Heelis et al. [2009].

4.2. TDIM

[10] The TDIM (Time Dependent lonospheric Model) was
initially developed as a midlatitude, multi-ion model by
Schunk and Walker [1973] and subsequently extended to

include high-latitude effects due to convection electric fields
and particle precipitation by Schunk et al. [1975, 1976].
Vertical columns (or “tubes”) of plasma are followed as they
move in response to E x B, as described by Sojka et al.
[1981a, 1981b]. The system is Lagrangian, meaning that
ion diffusion does not occur between neighboring plasma
columns; all horizontal motion of ions and electrons is
driven by E X B, and each plasma column moves as a unit.
A rigorous consideration of the plasma energy balance is
included in the calculation of ion and electron temperatures
[Schunk and Sojka, 1982; Schunk et al., 1986]. The theo-
retical development of the TDIM is described by Schunk
[1988], while comparisons with observations are discussed
by Sojka [1989]. In this study we use the NRLMSISE-00
model [Picone et al., 2002] to specify the neutral atmo-
sphere within the TDIM. The model as configured for this
study does not allow for any lifting of the thermosphere due
to drag when the ionosphere is lifted by an electric field.
Any such raising of the neutral gas would be minor com-
pared to the height by which the F' layer is raised in the case
studied here. To represent solar conditions during this
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Figure 4. Three E x B trajectory paths leading to the same
location at 50° magnetic latitude, 13:00 MLT. Case a is pure
corotation, case b is driven by the quiet time HEIDI convec-
tion electric field pattern shown in Figure 3 (left), and case c is
driven by the storm time pattern in Figure 3 (right). Unlike
cases a and b, in case ¢ the plasma is moved poleward through
several degrees of latitude during the 3 h period; this pole-
ward motion induces an upward ion drift of about 20 m/s.
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Figure 5. Vertical TEC values from a TDIM simulation for
the three trajectory paths shown in Figure 4. Owing to the
upward ion drift induced by the poleward convection in case
¢, the F region electron densities are significantly enhanced.

period an F10.7 index of 180 is used. A specification of the
thermospheric wind is needed; here we use a simple wind
pattern which is set to zero on the dayside, and on the
nightside runs in an antisunward direction, with speeds up to
200 m/s. A dayside neutral wind can have a large impact
upon the TEC values [see Sojka et al., 2005]; therefore in
this study we use a model which has zero dayside wind to
avoid confusion as to how much of the effect is due to the
neutral wind, and how much to the electric field. The
geoeffectiveness of a neutral wind in producing dayside
TEC enhancements during a storm is the focus of a forth-
coming study. When running the TDIM outside of the time
period for which HEIDI-generated convection patterns are
available, we have used the “A” pattern of Heppner and
Maynard’s [1987] model, with adjustments made for the
expansion of the convection region according to the value of
the Kp index. In section 4.1 we discussed the upward ion
drift that is induced by the poleward or northward motion of
plasma on the dayside. We have run the TDIM for the three
test cases that were shown in Figure 4 in order to assess the
ionospheric effect of this upward drift; the results are plotted
in Figure 5. These are dayside midlatitude plasma columns
moving under the influence of a magnetospheric electric
field (plus corotation) for 3 h. Cases a and b, for pure coro-
tation and a quiet time HEIDI convection pattern, respec-
tively, show a slight increase in TEC during the 3 h period;
note that a gradual increase is to be expected, since the
plasma is in sunlight the entire time. Case ¢, however, which
is driven by the storm time convection electric field pattern
in Figure 3 (right), and which has a continual upward ion
drift of about 20 m/s, increases from 30 to 48 TECU during
the 3 h period. As discussed in detail by Heelis et al. [2009],
this increase occurs because of the F' layer plasma being
lifted upward out of the main recombination region, while
ion production continues to occur due to solar EUV expo-
sure. This lifting of the dayside F layer is the key mechanism
for creating the storm time enhancements in the TDIM
simulations presented in this paper.

5. Ionospheric Model Simulations of the Storm
Period

[11] The TDIM ionospheric model, driven by the series of
HEIDI-generated convection electric field patterns, has been
run to create simulations of the ionosphere in the northern
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hemisphere from the pole to 30° magnetic latitude, pro-
ducing “snapshots” of the ionosphere spaced 30 min apart
throughout the study period. In this section we focus on the
simulation results for vertical Total Electron Content over
North America. Figure 6 shows the model runs at 21:00 UT
on the quiet day (Figure 6, left) and at the same universal
time on the day of the storm (Figure 6, right). These two
plots should be compared with the two plots of GPS TEC
observations in Figure 2. In Figures 2 and 6, we see that for
the quiet day (Figure 6, left dials) the dynamic range of TEC
and the decreasing poleward gradient are very similar in
both the observations and the simulation. During the storm’s
initial phase, at 21:00 UT day 250 (Figure 6, right), the GPS
data shows that TEC is increased by about a factor of 2 over
much of the United States, the exception being the north-
western region. The model run also shows an increase in
TEC by about a factor of 2, even in the northwestern U.S.
Of much interest in Figure 2 (right) is the TEC morphology
along a northwestward line that passes through the Great
Lakes region. This is a “ridge” of high-density plasma
which has a steeply declining gradient to the north; it begins
out beyond the east coast of the U.S., and extends diago-
nally well up into Canada. This appears to be the feature that
Foster [1993] has labeled the storm enhanced density, or
SED. Notice that it is entirely absent on the quiet day. This
feature is of particular interest, because it is thought to be
steep gradients in TEC, rather than large values of TEC itself,
that are responsible for most of the disruptions of the WAAS
system during geomagnetic storms. A look at Figure 6
shows that this observed feature has been reproduced quite
accurately by the TDIM/HEIDI model. The model runs
likewise show no trace of this feature on the quiet day. The
question may be asked, would the storm time ionosphere be
simulated reasonably well without the HEIDI-generated
convection patterns, using instead the Heppner-Maynard
statistical patterns adjusted for the changing values of Kp?
The answer is that a plot of TEC from such a model run (not
shown as a figure in this paper) bears little resemblance to the
output of a run done with the HEIDI patterns (or to the
observations). It cannot be expected that any statistical con-
vection pattern will closely match the actual conditions of
any storm period, since each storm is different, and the
comparative rarity of intense storms makes for a small sample
set upon which a statistical pattern can be based. Therefore

Day 249 2100 UT

Day 250 2100 UT

I |
40 60 80

TEC

Figure 6. Vertical TEC from TDIM simulations at (left)
21:00 UT on 6 September and (right) 21:00 UT on 7 Sep-
tember 2002. These are to be compared with the GPS
TEC observations shown in Figure 2.
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Figure 7. TEC observations (symbols) and simulations
(solid curves) during the 2 1/2 day study period at three dif-
ferent locations: Millstone Hill (42.6°N, 288.5°E), Boulder
(40°N, 254.7°E), and Wallops Island (37.9°N, 284.5°E).

we expect that when modeling the ionosphere during a storm
period, it will be necessary to use as a driver a physics-based
convection electric field model with settings specific for the
storm period in question.

6. Comparison of the Model With Ground
Station Data

[12] Using the Space Physics Interactive Data Base
(SPIDR) we were able to collect ionosonde observations of
the F layer peak frequency f,F, for three stations in the U.S.
during our study period: Boulder (40°N, 254.7°E), Mill-
stone Hill (42.6°N, 288.5°E), and Wallops Island (37.9°N,
284.5°E). These three stations all saw significant F' region
density enhancements on 7 September 2002. There are GPS
receivers located at or near these stations, allowing us to
compare the model output TEC with observations; we show
these comparisons first, in Figure 7. In determining the TEC
data value at a station’s location, all available TEC values
within 100 km of the location are used. It is apparent that the
model/data match for TEC is very good at all three loca-
tions, notwithstanding an apparent time shift of 2-3 h which
is noticeable in Figures 7 (top) and 7 (middle). The com-
parison of the F' region peak frequency value f,F, is also
good, though somewhat less so; it is shown in Figure 8. On
the quiet day (249), the diurnal variations of f,F, for both
the observations and simulations are very similar. This
diurnal pattern changes on the storm day; observations and
simulations reflect a similar change.

7. Tracing the History of the High-Density
Plasma

[13] Where does the storm time high-density plasma come
from? There are two main schools of thought: (1) existing
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high-density plasma is transported from lower latitudes [see
Tsurutani et al., 2004; Mannucci et al., 2005]; and (2) that it
is the result of local production; this does not necessarily
mean an increase in the local production rate, it may be the
result of the same amount of local production, but with
decreased rate of loss due to recombination. In work by
Heelis et al. [2009] we argued for the second explanation;
this section of the paper is devoted to tracing back in time
the dayside high-density feature in the HEIDI-driven TDIM
model simulations for 7 September 2002 to see exactly
where it came from. When running an ionospheric model, it
is easy to find out where any plasma feature has come from:
we recreate its past history by following the E x B trajec-
tories of plasma columns (or “tubes”) with time running
backward. In Figure 9 we show the result of doing this with
a column which, at 21:00 UT on 7 September 2002 (about
6 h after the storm onset), is located in the midst of the
dayside enhancement region. Figure 9 has eight dial plots,
each a “snapshot” of TEC at one universal time, in magnetic
coordinates from the pole to 30° latitude. Magnetic local time
(MLT) increases in the counterclockwise direction, with
midnight at the bottom and noon at the top of each dial. The
progress of one particular plasma column is followed
throughout the series, indicated by a marker in each dial. The
movement of this column in the magnetic frame is deter-
mined by the series of HEIDI-generated convection patterns
(plus corotation). Close visual inspection reveals that, in
addition to advancing 1 h of MLT for each hour of universal
time due to corotation, from about 16:00 UT onward the
column moves northward (i.e., inward, toward the pole) by
perhaps 1 to 1.5 degrees of latitude per hour. As mentioned
earlier, and explained fully by Heelis et al. [2009], it is this
poleward motion of dayside plasma that is responsible for
the lifting of the F layer and the consequent buildup of
electrons. A detailed history of the plasma column through

16
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12 /™
Y g e T /=8
Lt S
Y DG
0
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o
[T
L
o
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L
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Day of Year 2002

251

Figure 8. Ionosonde observations of f,F, (symbols) and
simulations (solid curves) during the 2 1/2 day study period
at the same three locations shown in Figure 7.
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Figure 9. Eight dial plots of TEC from TDIM simulations, from 14:00 to 21:00 UT on 7 September
2002, driven by HEIDI convection electric field patterns. The progress of an individual plasma column
(or “tube”) is followed throughout the period; its location is marked by a circle in each dial plot, as
described in section 7. The letter “a” that appears in two plots in Figure 9 (bottom) is used to indicate
the presence of a density enhancement feature, discussed at the end of section 7.
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this 7 h period is given in Figure 10. The altitude profile
between 100 and 800 km is shown, with the logarithm of
electron density (Ne) color coded from 10°*° to 10%°°
electrons per cm’. At each integer hour the column’s location
is marked in the dials of Figure 9. Since this is a single
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Y
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column, its history is self-contained; that is to say, no plasma
enters or leaves it, and all changes in the electron content
are due to local processes of production and recombination,
or diffusion up and down the column. (The TDIM as con-
figured for the present study does not allow for any plasma

1800 1900 2000 2100

UT (hhmm) of Day 250

[ —— |
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Logio Ne (cm'3)

Figure 10. Color-coded altitude profile of the electron density Ne for the time period along the plasma
column trajectory path indicated in the dial plots of Figure 9, discussed in section 7. Note that the height
of the F layer has increased, reaching a maximum shortly after 18:00 UT.
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flux from higher altitudes.) Figure 10 shows that, until the
occurrence of the storm onset the altitude profile has a
maximum Ne (NmF2) of about 10°', or 1.25 x 10° (yellow
to light red in color), with the height of the peak (hmF2)
being about 330 km; then the F layer is lifted upward over
the course of several hours, with hmF?2 rising to 400 km
or more, and the peak density NmF2 coming up to about
1094, or 2.5 x 10° per cm®. The density enhancement occurs
without the transport of any plasma from lower latitudes. The
lifting of the F layer does not increase the amount of local
production, but it does markedly decrease the rate at which
ions are lost due to recombination; this process is sufficient
to bring about an increase in TEC by a factor of 2.

[14] Referring back to Figure 9, the HEIDI convection
patterns have given rise to an interesting feature of enhanced
density (marked with the letter “a” in two dials of Figure 9
(bottom) which begins to form in the dusk sector several
hours after the storm onset, and then elongates and stretches
toward higher latitudes during the next few hours. That such
a feature exists here is very interesting, and it will be the
object of follow-up work as more HEIDI-generated con-
vection patterns become available to us for other storm
periods. It is not possible here to find this feature within the
set of observations, as it is located over the Atlantic Ocean
where data is not available. In any case, it is clearly separate
from, and minor compared to, the dayside region of TEC
enhancement.

8. Summary

[15] We have modeled the dayside ionospheric enhance-
ments of the storm period of 7-8 September 2002. The model
runs show good agreement with both GPS TEC observations
and ionosonde station data. In this case, Utah State Uni-
versity’s physics-based TDIM ionospheric model was driven
by convection electric field patterns from the University of
Michigan’s HEIDI model, which is based on the physics
of the inner magnetosphere-plasmasphere-ionosphere cou-
pling. It was shown that the high-density plasma of the
dayside enhancement in the TDIM simulation was entirely
the result of local production, due to an upward ion drift
caused by the magnetospheric electric field expanded to
midlatitudes during the storm period.

[16] Heelis et al. [2009] had used a very simple electric
field model with a makeshift expansion to midlatitudes, and
claimed that its effect was sufficient to cause large-scale TEC
enhancements on the dayside, and that it was therefore
unnecessary to hypothesize that high-density plasma from
lower latitudes was being transported northward. In the
numerical experiment reported in this paper we have put that
claim to the test using a much more sophisticated represen-
tation of a storm time electric field specific to 7-8 September
2002; the comparison of the modeling results with GPS
and ionosonde data strongly supports the claim alluded to
above, both as regards the magnitude of the enhancement,
and its spatial and temporal distribution.
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