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Abstract Variations of nighttime F, peak height (h,,f,) over the American sector during the 28-29
October 2003 storm period were investigated using the National Center for Atmospheric Research
Thermosphere-lonosphere Electrodynamics Global Circulation Model. The model was generally able to
reproduce the ionospheric variations on 28-29 October 2003 observed by the ionosondes. A series of
controlled model simulations were subsequently undertaken to examine the effects of electric fields and
neutral winds on the ionosphere. The numerical experiments suggest that the dramatic nighttime increase of
hp,F> on the storm day 29 October is mainly caused by traveling atmospheric disturbances (TADs) from the
high latitudes of the Northern Hemisphere. However, the electric field plays an important role in causing
the elevation of h,,F; in the equatorial region. The prompt penetration electric field (PPEF) associated with
the southward component of the interplanetary magnetic field (B,) is westward on the nightside, whereas
when B, reverses and becomes northward, the PPEF is westward in the premidnight and turns to eastward in
the postmidnight. These PPEFs greatly affect the low-latitude ionosphere during storm time. On 28 October,
even though the B, disturbance was weak with a short duration of southward B,, the TADs from the Southern
Hemisphere can propagate to the Northern Hemisphere and result in the corresponding oscillations in the
nightside h,,F,.

1. Introduction

Two super geomagnetic storms on 29-31 October 2003 were produced by coronal mass ejections
[Gopalswamy et al., 2005]. The minimum of the Dst index reached below —400 nT during this period. The
ionospheric response to these two superstorms has been comprehensively investigated over the years
[Abdu et al., 2007; Balan et al., 2011; Foster and Rideout, 2005; Lei et al., 2014, 2015; Lin et al., 2005; Tsurutani
et al., 2008; Zhao et al., 2005]. Prior to these two superstorms, a strong geomagnetic storm commenced at
6:10 UT on 29 October (storm 1; see Figure 1), in which the minimum Dst was —151 nT, associated with
southward B, of —40 nT. However, the ionospheric response to this strong storm has been rarely studied.

Lei et al. [2015] showed that the F;, peak height (h,,F,) was uplifted significantly during the main phase of the
storm 1, while the peak density (N,,F>) did not change much during the night. Zhao et al. [2005] proposed
that the increase of nightside h,,F, at the magnetic equator probably resulted from an eastward prompt
penetration electric field (PPEF) under the northward B, condition. However, there is no theoretical result
to test this hypothesis. Lei et al. [2015] showed that the nightside h,,Fos were elevated to as much as
500 km at low and middle latitudes when B, turned from southward to northward on 29 October 2003,
whereas they still remained high when B, turned southward. Thus, the rapid increase of nightside h,,,F> might
not only be controlled by PPEF but also influenced by other factors, such as, neutral winds. In addition, there
were oscillations in h,,F, in the American sector on 28 October 2003 when geomagnetic activity was rela-
tively weak and the southward interplanetary magnetic field (IMF) B, was only a few nanotesla, i.e., the first
shaded time interval in Figure 1. Due to insufficient observations, it is hard to isolate the effects of neutral
winds and electric fields on the ionospheric response to the 28-29 October 2003 geomagnetic activity.

The aim of this paper is to address the following questions using the Thermosphere-lonosphere
Electrodynamics Global Circulation Model (TIEGCM) simulations: (1) Is the nighttime PPEF eastward when
B, is northward? (2) Is the uplifting of the nighttime ionosphere associated with an eastward PPEF during
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Figure 1. Variations of (a) the north-south component of the interplanetary @ self-consistent  solution of the
magnetic field (IMF B,) observed by the ACE satellite and (b) Dst on 28 and  middle- and low-latitude dynamo
29 October 2003. The two shaded intervals are the periods in which we are  fie|ds. The model uses a semi-
interested. implicit, fourth-order, centered finite
difference scheme to solve the three-dimensional momentum, energy, and continuity equations for neutral
and ion species. In this paper, we used a grid with vertical resolution of one fourth scale height with a total of 57
pressure levels and horizontal resolution of 2.5° x 2.5°in geographic coordinates. The magnetospheric convec-
tioninputs at high latitudes are provided by the Weimer model [Weimer, 2005], and migrating diurnal and semi-

diurnal tides are imposed at the lower boundary using the global scale wave model [Hagan et al., 1999].

To investigate the relative importance of neutral winds and electric fields on the ionospheric variations, we
carried out three numerical experiments: (1) a simulation with both £ x B drift and meridional winds (Run 1),
(2) a simulation with meridional winds but without E x B drift (Run 2), and (3) a simulation with E x B drift but
without meridional winds (Run 3) in the F region ion continuity equation.

3. Results and Discussions

Figure 2 shows acomparison of h,,,F, and N,,,F, between the ionosonde data and the TIEGCM simulations (Run 1,
blue lines; Run 2, green lines) at Dyess, Eglin, and Jicamarca on 28 and 29 October. The geographic and geomag-
netic coordinates of these fourionosonde stations are listed in Table 1. The predicted results (gray lines) from the
International Reference lonosphere (IRI) model [Bilitza et al., 2014] during quiet time are also shown in Figure 2 to
represent the reference, due to the absence of ionosonde observations during the quiet time condition in
October 2003. The ionosonde data obtain from Global lonospheric Radio Observatory of the University of
Mass Lowell [Reinisch and Galkin, 2011] and the manually scaled ionograms are used to analyze the behaviors
of Np,F, and h,,F». In this study, we focus on the ionospheric variations during 2:00-12:00 when these stations
areatlocal night. The observed h,,,F,s on 29 October showed significant increases following a transient decrease
during 8:00-10:00 UT at four stations. However, at Jicamarca, h,,F, oscillated many times when h,,F, was
uplifted to 400 km. On 28 October, the wave-like oscillations of nighttime h,,,F, during 4:00-12:00 UT were seen
at Dyess and Ramey (there were no observations at Eglin and Jicamarca during this period). Obviously, these
observed disturbances in nighttime h,,,F,s on 28 and 29 October were not found in the quiet time IRl results. It
is expected since these h,,F, disturbances could be associated with geomagnetic activity. Hereafter we will
not further discuss the IRl results. We first compare the TIEGCM simulated h,,,F, with the observed values during
6:00-12:00 UT on 29 October.Inthe Run 1, the h,,,F,s showed clearincreases at 8:00 UT atall stations. However, at
Dyess and Eglin, the h,,F, showed a sharp decrease to 200 km at 9:00 UT after the profound increase, which is
different from the observations. Besides the remarkable increase of h,,,F, at the onset of the storm 1 at all sta-
tions, the oscillations seen in the ionosonde nighttime h,,F, on 28 October were captured by the model in
Run 1.

The TIEGCM also captured the main features observed in N,,F». For instance, the simulated N,,,F5s (blue lines)
showed similar diurnal variation to the observed ones. However, there were still considerable differences
between simulations and observations, especially during 12:00-20:00 UT on 29 October when lower N,,F»
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Figure 2. Comparison of observations and simulations of peak density N,,,F> (in units of 10" m~3) and peak height hy,F>
(in units of km) at Dyess, Eglin, Ramey, and Jicamarca on 28 and 29 October 2003. Red lines represent observations
obtained from ionosonde measurements; gray lines represent the predictions from the International Reference lonosphere
model during quite time; blue lines represent the simulated results of Run 1, and green lines represent the simulation
results with no E x B drift (Run 2) in the ion continuity equation. The intervals on which we focused are marked by the
yellow bars.

and higher h,,,F; from the simulation than observations were seen at Jicamarca. Except for some deviations
between simulations and observations, the model reproduces the main features observed in h,,F, and N,,,F»
at all stations on 28 and 29 October. Note that both the observed and simulated nighttime N,,F,s did not
show the dramatic changes that h,,F, did. In this storm h,,F, was more sensitive to dynamic effects than
Np,F> was during this nighttime period. Because of this disparity in the response of N,,F> and h,,F to dynamic
forcing, we will concentrate on the variations of h,,F, to explore the ionospheric dynamic processes in the
remainder of the paper.

We used the TIEGCM to study the mechanisms that cause the ionospheric disturbances on 28 and 29
October. H,,F>s from Run 2 are shown in Figure 2 (green line). On 28 October, the nighttime h,,F, from
Run 2 showed the wave-like oscillations, which were similar to those from Run 1 at low- and middle-latitude
stations, except that the increased magnitude of h,,F, from Run 2 was a little smaller than that from Run 1.On
29 October the maximum of the h,,F, during 7:00-10:00 UT at each station from Run 2 was similar to that
from Run 1, except at Ramey. Although the maximum h,,F, from Run 2 was lower than that from Run 1 at
Ramey, the increase of h,,F, caused by neutral wind was obvious. Thus, the sharp h,,F, increases during
7:00-10:00 UT were associated with neutral winds, since electric field was turned off in Run 2.

Table 1. Geographic and Geomagnetic Coordinates of Dyess, Eglin, Ramey, and Jicamarca

Station Geographic Latitude Geographic Longitude Magnetic Latitude Magnetic Longitude
Dyess 324°N 99.8°W 41.4°N 32.0°W
Eglin 30.5°N 86.5°W 40.4°N 16.8°W
Ramey 18.5°N 67.1°W 28.8°N 5.0°E
Jicamarca 12.0°S 76.8°W 1.7°S 5.0°W
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Figure 3. Comparison of the observed h,,F; (gray lines) and simulated h,,,F5s from three TIEGCM simulations: Run 1 (blue),
Run 2 (green), and Run 3 (magenta) on 28 and 29 October 2003. Vertical E x B drifts (upward positive) and meridional winds
(northward positive) at 400 km from Run 1 are shown in the second and third panels in each subplot, respectively. The B,
variations are shown in bottom panel in each subplot.

Figure 3 further shows the comparison of observed h,,,F,s and simulated h,,,F,s from three simulations at four sta-
tions. The vertical £ x B drifts and meridional winds calculated from Run 1 are also shown in this figure to illustrate
their contribution to h,,,F, variations. Unlike the results of Run 1 and Run 2, the wave-like oscillations were absent
in h,F> in Run 3 (with E x B drift and without meridional winds) on 28 October. Thus, our simulations indicate that
the wave-like oscillations in nighttime h,,F, on 28 October were mainly associated with the neutral winds.
However, the variations of the electric field can further modulate the wind-induced h,,F, disturbance, especially
at lower latitudes (Ramey and Jicamarca). On 29 October, as mentioned above, the simulated h,,,F,s from Run 1
and Run 2 were generally consistent with the observations. In Figure 3, it is clear that the sharp increase in h,,F;
during 7:00-10:00 UT was attributed to the strong equatorward surge of winds with speeds larger than 200 m/s.

In Figures 2-3, there are substantial differences in the simulated h,,F,s between Run 2 and Run 1, particularly at
around 7:00 and 9:00 UT on 29 October. The obvious decline of the h,,F; is only seen in Run 1, which suggests
that the downward E x B drifts were the dominant cause for the decline at these UTs. This is immediately evi-
dent from the results in Run 3, in which E x B drifts were included but meridional winds were turned off. As
shown in the bottom panels in each subplot of Figure 3, E x B drifts were downward when B, was southward.
The downward E x B drift was caused by the dawn-dusk PPEF or westward electric field on the nightside
[Fejer et al., 1979; Scherliess and Fejer, 19971. In addition to the prevalent downward E x B drift on the nightside,
the E x B drifts turned upward at Ramey and Jicamarca at 8:00 UT when B, was northward. These upward E X B
drifts contribute to the uplifting of ionosphere. Referring back to Figure 2, the simulated h,,,F5s at ~9:00 UT from
Run 1 were too low as compared with the observations at each station except at Ramey. Although at ~7:00 UT
the simulated h,,,F,s were also lower than that in observations at Dyess and Eglin, they showed similar pattern
as observed by the ionosondes. At these UTs, the downward E x B drifts from Run1 were probably strong. These
discrepancies indicate that the PPEF might be overestimated in the TIEGCM.
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Figure 4. The modeled h,,F,, meridional winds (northward positive), and whereas the electric field can modu-

E x B drifts (upward positive) as functions of geographic latitude and uni- . .
versal time along the longitude of 70°W on 28 and 29 October 2003. The late the hpF effectively. Thus, in
TADs investigated in this study are marked by arrows. this event, the disturbances of
the nighttime ionosphere were
mainly caused by neutral winds in the middle and low latitudes, while the electric field further modulates

the nighttime ionosphere.

Latitudinal variations of meridional winds, electric fields, and h,,F, from Run 1 at the longitude of 70°W are
shown in Figure 4. When B, is southward or interplanetary shock encounter the Earth, Joule heating at high
latitudes would increase suddenly due to the magnetosphere interacting with IMF or the enhanced solar
wind. The enhanced Joule heating can expand the upper atmosphere and produce traveling atmospheric
disturbances (TADs) [Fuller-Rowell et al, 1994]. These large-scale waves (horizontal wavelength over
1000 km) can propagate far away from the source due to weak dissipation [Mayr et al., 1990]. The TADs ori-
ginating in the polar regions can transfer momentum and energy to lower latitudes [Richmond, 1978] and
drive equatorward (poleward) winds which uplift (suppress) the ionosphere along the magnetic field line
in the middle and low latitudes. On 28 October, when B, turned southward, the TADs originated in both hemi-
spheres. Two TADs (magenta arrows) that were generated in the North Pole drove equatorward winds, result-
ing in elevations of the ionosphere in the Northern Hemisphere. Correspondingly, two TADs (blue arrows)
originating from the Southern Hemisphere resulted in neutral wind disturbances in the Northern
Hemisphere, which is consistent with the investigation of Fuller-Rowell et al. [1994], who showed that TADs
can penetrate to the opposite hemisphere and change the winds to the poleward direction for a few hours.
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Figure 5. Global maps of modeled (a) h,,F5, (b) meridional winds (northward positive), and (c) E x B drifts (upward positive)
at 7 UT on 28 and 29 October. The differences at 7 UT between 28 and 29 October are in the right panel. Black dots stand for
ionosonde stations.

The wave-like oscillations of h,,,F, in the Northern Hemisphere during around 4:00-10:00 UT were caused by the
two transequator TADs, since the vertical £ x B drift was weak at low and middle latitudes. At 7:00 UT on 29
October, when B, turned southward and reached —40nT, the TADs were also observed. The multiple TADs
generated in the South Pole even propagated into the high latitudes of the Northern Hemisphere and drove
strong poleward winds that resulted in rapid decreases in h,,F>s in the Northern Hemisphere during 10:00-
13:00 UT. These variations of ionosphere were consistent with the observations in ionosondes. Thus, these
wind surges play important role in producing oscillations in the nighttime ionosphere in the Northern
Hemisphere on 28 and 29 October. The vertical Ex B drift shows complicated patterns associated with the
changes of B,. During 6:00-10:00 UT on 29 October, strong vertical Ex B drift caused by PPEF expanded to
middle latitudes from the equator during a dramatic disturbance of B,. Thus, the PPEF impacted the iono-
sphere over a wide range of latitudes. The effects of electric field and neutral winds on the ionosphere had
obvious latitudinal variations. The vertical Ex B drift became strong around the equator during 6:00-10:00
UT on 29 October. However, the maximum of ionosphere disturbance caused by neutral wind was in the mid-
dle latitudes on 28 October. These simulated results were consistent with the mechanisms that vertical Ex B
drift is proportional to cos/ and the vertical ion drag caused by neutral wind is proportional to sin2/, where [ is
the dip angle. Thus, during storm time the ionosphere was profound impacted by the PPEF at the equator. At
higher latitudes, the PPEFs also can moderate h,,F,, while the neutral winds play a major role in this region.
When the geomagnetic activity was weak, the TADs also generated in both polar regions with southward B,
and dominated the ionosphere in the middle and low latitudes.

To gain more information about global wind fields and electric fields, we chose two UTs: 7:00 UT on 29
October when southward B, reached its minimum and 8:00 UT on 29 October when B, turned northward after
a few hours of southward B,.
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Figure 6. Global maps of modeled (a) h,,F2, (b) meridional winds (northward positive), and (c) E x B drifts (upward positive)
at 8 UT on 28 and 29 October. The differences at 8 UT between 28 and 29 October are in the right panel. Black dots stand for
ionosonde stations.

Figure 5 shows the global maps of h,,,F,, meridional winds, and vertical E x B drifts obtained from Run 1 at
7:00 UT on 28 and 29 October. We first look at the simulated results on 28 October. The evident summer-
to-winter background winds are seen in the left panel of Figure 5b. The nighttime transequatorial wind from
the summer hemisphere to the winter hemisphere caused the asymmetry in nighttime h,,F; (left panel of
Figure 5a). At 7:00 UT on 29 October, when B, was southward, Joule heating generated noticeable TADs in
the polar region. The TADs are remarkable at night, whereas the dayside TADs are probably restricted by
poleward background winds and enhanced ion drag. The vertical Ex B drift was greatly enhanced with
respect to its value on 28 October. The E x B drift was downward in the night (20:00-6:00 LT) and upward
in the daytime (7:00-19:00LT). This was caused by the profound dawn-dusk PPEF during southward B,.
The most intense upward E x B drift was in the postdusk sector, which is consistent with previous observations
[Abdu et al., 2008]. The right panel of Figure 5a shows the difference of h,,F, at 7:00 UT between 28 and 29
October, which was negative on the nightside and positive on the dayside. These features of h,,F, are consistent
with the observations [Zhao et al., 2005], which showed significant decreases of h,,F, at Jicamarca (nightside)
and increases of h,,F, over East Asian stations (dayside) associated with the large changes in vertical E x B drifts.
The greatest uplifting of the ionosphere was caused by the prereversal enhancement of the upward E x Bdriftin
the postsunset hours. Thus, the ionosphere was dominated by the PPEFs in the middle and low latitudes before
the TADs propagate to these latitudes from the polar regions.

The global maps of h,,,F,, meridional winds, and vertical £ x B drifts obtained from Run 1 at 8:00 UT on 28 and 29
October are shown in Figure 6. Clearly, the nightside TADs in both Southern and Northern Hemispheres propa-
gated toward the equator. The changes of neutral winds in the two hemispheres were different. The nighttime
TAD in the Northern Hemisphere was weaker than that in the Southern Hemisphere. The strong dayside TADs
in the Southern Hemisphere also propagated to the equator, even though the background wind was poleward
on the dayside. However, the daytime TAD generated from the North Pole cannot even drive to the equator.

CHEN ET AL.

NIGHTTIME IONOSPHERIC VARIATIONS 8991



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023091

Fuller-Rowell et al. [1996] proposed that the neutral winds in the two hemispheres are different due to the sea-
sonal differences of polar energy injection and background winds. The hemispheric asymmetry of the energy
injection on 29-31 October 2003 has been demonstrated by Zhao et al. [2005] using the ion temperature mea-
surements made by the Defense Meteorological Satellite Program, which showed that the energy injection in
the Southern Hemisphere was more significant than that in the Northern Hemisphere. The hemispheric differ-
ence in the TADs is mainly attributed to the asymmetric energy injection in the polar regions. Referring back to
Figure 4, the transequator TAD turned the winds to poleward in the Northern Hemisphere, while the effect of
transequator TAD in the Southern Hemisphere was too weak to cause ionospheric changes when the iono-
sphere was in the nighttime sector. This suggests that the TADs primarily drive equatorward winds in both
hemispheres and subsequent poleward winds in the winter hemisphere at night.

Previous studies show that both the thermosphere and ionosphere have extensive responses to TADs on
28-29 October 2003 [e.g., Ding et al., 2007; Guo et al., 2014; Qian et al., 2012]. The characteristic behavior
of h,F> in relation to B, has been investigated by Blanch and Altadill [2012] for the middle latitudes.
They proposed that the uplifting of the ionosphere may be caused by equatorward TADs in middle latitudes
when B,<—10nT. In our study, the simulated results demonstrate that equatorward TAD can cause significant
increase of h,,,F, in middle and low latitudes in both hemispheres. After the ionosphere uplifts, the transequator
TAD resulted in rapid decrease of h,,F; in the Northern Hemisphere. Thus, when B, turned to southward, the
ionosphere in the summer hemisphere was uplifted due to the equatorward TADs; in addition to increase of
hp,F for a few hours in the winter hemisphere, the subsequent transequator TADs from the opposite hemi-
sphere could cause rapid decline of h,,F>.

The global maps of vertical E x B drifts calculated from Run 1 at 7:00 UT and 8:00 UT on 29 October are shown
in Figures 5c and 6¢, respectively. The difference of the vertical £ x B drifts between 7:00 UT and 8:00 UT on 29
October is obvious. The E x B drift change was downward before midnight and upward after midnight, which
indicates that PPEF was reversed in the premidnight. In addition to the different morphology of E x B drifts,
the magnitude of Ex B drifts during northward B, was distinctly smaller than that during southward B,.
Previous studies have shown that the polarity of PPEF reverses when B, turns northward [Kelley et al., 1979].

Toaddress the effects of electric fields and neutral winds on the nighttime ionosphere with northward B,, we will
concentrate on the differences between 28 and 29 October at 8:00 UT that are shown in the right panel in each
subplot of Figure 6. Neutral winds had a strong equatorward enhancement at night in the middle and low lati-
tudes. The upward enhancement of vertical E x B drift appeared after midnight, while the downward E x B drift
intensified slightly before midnight. The wholeionosphere showed significant uplifting, exceptforasmallregion
where the equatorward wind enhancement was absent. The greatest increase of nightside h,,,F, was seenin low
latitudes ataround 5:00 LT. It was driven by the combined effect of upward E x Bdrift and equatorward wind. The
PPEF has an immediate response to the variation of B, [Kikuchi et al., 1996]. However, the TADs over the low lati-
tudesare typically delayed forafew hours from the energy injection in polar regions [Fuller-Rowell et al., 2002]. As
discussed above, the equatorward wind was followed by a poleward wind that was driven by transequator TADin
the winter hemisphere. The oscillating B, would cause a complicate variation of the ionosphere.

Figure 7 shows the high-latitude potential maps obtained from Run 1 at 7:00 and 8:00 UT on 28 and 29
October in the Northern Hemisphere. On 28 October, when the geomagnetic activity was weak, the two-cell
structure of the potential was obvious in the polar region. The main feature of any two-cell structure is that
the maximum and minimum potentials are located at the dawn and dusk sides, respectively. The association
between the potential and electric fields can be presented by the equation E=—V¢ where E is the electric
field and ¢ is the potential. According to the potential structure, there is a dawn-dusk electric field in the
polar region. On 29 October, when B, was southward (7:00 UT), the two-cell structure developed and
extended to lower latitudes. These potential maps indicate that the dawn-dusk electric fields penetrated
to low latitudes with southward B, during the storm [Kikuchi et al., 1996]. When B, turned northward
(8:00 UT), the two-cell structure was destroyed. The negative peak of potential was still at high latitudes, while
the positive peak of potential shifted to middle latitudes due to the influence of B,. Although the potential
was even weaker than it had been in the low geomagnetic activity before the storm, the electric field was still
able to penetrate to low latitudes. The PPEF was westward before midnight and eastward after midnight in
the equatorial region. This electric field contributed to the profound nighttime h,,F, variations in the
low latitudes.
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Figure 7. Global maps of electric potential (in units of KV) in middle and high latitudes at 7 UT and 8 UT on 28 and 29
October.

4. Summary

In this paper, the TIEGCM simulations were used to investigate the nighttime ionospheric variations seen in
the ionosonde data over the American sector during a major geomagnetic storm event on 28 and 29 October
2003. The main conclusions of this study are listed as follows:

1.

The TIEGCM can generally reproduce the nighttime observations from ionosonde measurements in the
American sector on 28 and 29 October. The difference between the simulation and observation may be
associated with an overestimation of the PPEF during the southward B, period on 29 October.

The controlled experiments using the TIEGCM demonstrated that the dramatic increases of h,F»
observed by ionosondes were mainly caused by TADs which were triggered by the polar Joule heating
associated with southward B, during the storm, whereas the electric field played a primary role in the
h,,F, elevation at equatorial and low latitudes.

On 28 October, even though southward B, was weak and had a short duration, the TADs from the
Southern Hemisphere propagated to the Northern Hemisphere and subsequently caused the oscillations
in the nightside h,,F».

When B, reversed from southward to northward directions, the PPEF kept westward in the premidnight
sector but became eastward in the postmidnight sector (around 2-6 LT). The resultant PPEF during the
northward B, condition affected the nighttime variations of the ionosphere at low latitudes.
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