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Abstract. We discuss different phenomena occurring dur- et al. (2003) and, on other such large events (Foster et al.,
ing ionospheric F-region storms that in principle might be 2004; Lin et al., 2005; Immel et al., 2005).
caused by electric fields and point out challenges that must In Fig. 1 the left panel is a GPS map of ionospheric TEC,
be faced when considering the physical processes at worlaveraged over 22:00-24:00 UT and centered at longitude
We consider the transport of plasma across many degrees &0° W. It therefore covers an 8-h period in local time centered
latitude at sub-auroral latitudes, the origin of patches of so-at 17:00 on 15 July 2000 (day 197). It may be contrasted with
called “storm enhanced density” at high mid-latitudes, andthe right panel showing a similar map for a more usual day,
the very high reported heights of the F2 peak at low latitudes9 July 2000 (day 191). The spatial continuity of the storm
We discuss the role that electric fields might play in changingTEC enhancement is limited by the distribution of GPS re-
locally the net production of ionization as well as transport- ceivers, but a 3-fold enhancement across the afternoon and
ing it. We suggest that the local change in ionization produc-early evening sectors in North and South America is clearly
tion should be considered as a more important process foseen. During the Bastille storm and other so-called super-
producing plasma density enhancements than transport froratorms, enhancements in the upward ion drifts are seen near
a more remote source of enhanced density. the magnetic equator and attributed to electrodynamic drift
(often calledE x B drift) resulting from the “penetration”
of electric fields from high latitudes. Storm perturbations in
the vertical ion drift are generally upward during the daytime
and downward at night (Scherliess and Fejer, 1999). Large
upward drift perturbations also occur near sunset (Heelis and
1 Introduction Coley, 2007).

Mannucci et al. (2005) have shown that, in response to
During geomagnetic “superstorms”, significant enhance-these drifts, storm TEC enhancements occur across the day-
ments in the total electron content (TEC) appear at middleside ionosphere at low and middle latitudes, and Tsurutani
latitudes across local noon and into the evening sector angt al. (2004) describe a so-called super-fountain effect that
may be imaged in the equatorial plane. A good illustrationcreates a poleward displacement of the equatorial anomaly
is provided by the “Bastille storm”, so named because thepeaks in the presence of enhanced outward meridiBraB
associated solar flare occurred on the eponymous day 21drifts (Yin et al., 2004). The large drift perturbations near
years later, 14 July 2000, though the ionospheric storm wasunset, which also require discussion, can raise the F peak
on St Swithin’s day, 15 July. Several papers on this evento heights above 800km (Basu et al., 2007) and produce
have been published, for example Basu et al. (2001) and Kilnomalously large TEC at magnetic latitudes beyond 30 de-
grees. These same uplifts are responsible for post-sunset
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Fig. 1. GPS map of total electron content on the storm day 197 (left panel) and on a more usual quiet day 191 (right panel) of year 2000.
Maps are constructed over the American continent in the period 22:00-24:00 UT. The geographic latitude and longitude are shown on each
axis.

Simple numerical considerations and more sophisticatedat the equator can be moved vertically about 650 km. At F-
analyses have considered the relative merit& of B drifts region heights the plasma remains aligned with the Earth’s
and neutral winds in producing dayside TEC enhancementslipole field. Thus, any plasma created near 300-km altitude
(Vlasov et al., 2004; Lin et al., 2005, 2009). Observationally by photoionization at the equator can move, under the ac-
the afternoon TEC enhancements in the equatorial anomaltion of E x B drift and diffusion along the magnetic field,
region occur at the same time as enhanced ion concentrde magnetic latitudes near 1€orresponding to the footpoint
tions, called storm enhanced density or SED, are seen at midat 300 km, of the dipole magnetic field traced from 950-km
dle latitudes in the afternoon and early evening, and at theapex height.
same time that enhanced densities are seen in longitudinally
narrow regions across North America extending from middle  Storm perturbations can enhance the vertical ion drift to
latitudes to the polar cusp region (Foster et al., 2005). Sincevalues exceeding 100 m, but drifts of this magnitude are
the storm electric field present during these events is globallyusually short-lived with durations less than 2h (Lin et al.,
distributed, we should consider the relationships between alR005; Fejer et al., 2007). However, in these cases plasma at
these features. Viewing the migration of these features as the magnetic equator can be moved vertically an additional
function of universal time often shows apparent motion that750 km. When such motions occur near the dusk terminator
leads to the hypothesis that plasma enhancements seen in otfey are consistent with the F-peak observed above the alti-
location are transported from elsewhere, as seemingly sugude of the DMSP satellite as reported by Basu et al. (2001),
gested by Kelley et al. (2004). Here we discuss some limita-but cannot transport plasma in the F-region to magnetic lat-
tions that restrict the extent to which this might happen, anditudes beyond about 25 degrees. The work of Mannucci et
point out that changes in local loss processes, resulting fronal. (2006) shows quiet-day TEC at the equator near 50 units
E x B drift motions and changes in production and loss pro-with middle latitude values near 30 units of $n—2. Even
cesses produced by local composition changes in the neutrd the entire plasma content at the equator were transported
air, can produce apparent motion. without loss to middle latitudes, it is not possible to account

for TEC enhancements to 200 and sometimes 300 units. The

most important property of the so-called “super-fountain” is
2 lonization transport not the greater speed of the plasma drifts, but rather the ex-

tension in latitude of the vertical and field-aligned motions
We first consider the effects of enhanced upw#rd B drifts of plasma during the daytime. This allows the normal con-
atthe equator. During quiet times the drift is upward through-tent in the anomaly and beyond to be moved upward and
out the day with average magnitudes near 15m(Scher-  poleward while being replaced beneath by local photoioniza-
liess and Fejer, 1999). Thus over a period of 12 h, plasmdion At middle and high latitudes uplifts produced Byx B
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drifts are also associated with largely horizontal transportTEC that is produced everywhere along the convective tra-
due to the finite magnetic inclination. But &x B drift of jectory over much shorter time scales. This implies that any
100m s with a dip angle of 45 degrees transports plasmalocal enhancements require locally increased production/loss
about 2.3 degrees per hour. Thus TEC enhancements at latatios due to upward drifts in the presence of sunlight and/or
itudes beyond 25 degrees cannot generally be attributed tmcreases in atomic/molecular ratios in the neutral air, asso-
transport from the equator. Rather, upward plasma motiongiated with a vertical wind in the complex patterns of storm-
in the presence of solar production act locally (within 5 de- driven neutral winds.
grees latitude) to increase TEC significantly by raising the The evolution of the global electric field during storm
existing plasma to a region of lower plasma loss rate whiletimes is also responsible for the erosion of the outer plasma-
additional ionization is produced below. sphere (Chen and Grebowsky, 1974; Goldstein et al., 2003).
Near the equator such uplifts are only possible throughHowever, there is little evidence that the optical intensity in
E x B drifts, the uplifted plasma being then transported pole-the plume is elevated above that identified by the plasma-
ward by diffusion along the magnetic field. At mid-latitudes sphere itself. Additionally, the optical intensity of the so-
E x B drifts are less effective because the upward trans-called plasmaspheric plumes decreases significantly as they
port is opposed by downward diffusion along the magneticproceed toward the dayside and there is only a very weak
field. But equatorward meridional winds in the presence ofrelationship between this optical intensity projected to the
solar production can also lead to increases in TEC (Lin etequatorial plane and the TEC below 1000 km altitude. Thus
al., 2005). Additionally, at middle latitudes, neutral compo- the evidence that the high plasma content of flux tubes mov-
sition changes propagating from high latitudes may modifying toward the pole results from transport from the late af-
the local production and loss processes. The relative roles aernoon/ evening sector may need further examination. A
equatorward neutral wind# x B drifts and changes in neu- more likely explanation may again appear by recognizing
tral atmosphere composition may be different for different that small poleward convection velocities in sunlight act to
storms and different parts of the solar cycle, but in any cas@educe the local plasma loss rate and locally enhance the
upward vertical transport of ionization in sunlight is required plasma density. Recently Heelis et al. (2009) have pursued
for significant increases of TEC to be produced. this idea to investigate the apparent longitudinal confinement
During large magnetic storms enhancements in TEC anaf the density enhancements.
topside ion density are seen across the entire afternoon and
evening sectors, extending up to latitudes just equatorward
of the diffuse auroral zone. The sub-auroral features calle Advection
storm enhanced density (SED) are frequently observed to be
moving sunward and poleward toward the “noon cusp” (Fos-In addition to changes in plasma density produced by trans-
ter et al., 2004). Indeed Foster et al. (2002) have showrport, Vlasov et al. (2003) suggested that a spatial gradient in
remarkable correlation between the poleward extended feathe plasma flow may also change the plasma density. Kel-
tures in the ionosphere and plasmaspheric enhancements iey et al. (2004) extend this idea using a one-dimensional
aged in the equatorial plane. The connection between &quation for the zonal variation of electron density across
longitudinally confined region of enhanced density, mov- the terminator to explain enhancements in the plasma density
ing poleward, and a reservoir of storm-enhanced density aat middle latitudes in the late afternoon and evening. Their
low latitudes makes the idea of transport from the reser-equation includes only the westward ion drift measured by
voir to higher latitudes a natural candidate for the explana-the ROCSAT-1 satellite (Basu et al., 2001), which decreases
tion of such a feature. However, it is necessary to considewith increasing local time on the still sunlit afternoon side.
the lifetime of a plasma packet initially residing near 40 de- This idea invokes a “plasma pile-up” resulting from the gra-
grees magnetic latitude as it convects sunward and polewardlient in the measured zonal drift, which on its own would
Most observations of longitudinally confined, latitudinally compress the plasma.
extended, density enhancements are seen in the afternoonin this regard it is instructive to recall the previous work
sector. Even with a poleward velocity of 100 m'sthe con-  of Rishbeth and Hanson (1974) to note that Fie B drift
vection time from 40 degrees magnetic latitude to the cuspmotion of plasma in the F-region can only change the plasma
at say 75 degrees magnetic latitude is over 9 h. This time is\sumber density along the convective path to the extent that a
much longer than the lifetime against recombination of theplasma packet moves into a region of higher or lower mag-
plasma, normally of order 1 h, so a plasma packet must beetic flux density. In a dipole field, over typical convective
continually refreshed by new photo-production. Moreover, distances, the changes in density produced by this process
in the absence of static electric field configuration for which are quite small. This is especially true for zonal drifts at
the net zonal flow is zero over a wide latitude range, themiddle latitudes, for which the magnetic flux density along
change in local time produced by the Earth’s rotation will the convective path does not change significantly. Thus gra-
dominate the observed plasma distribution. A more likely dients in the zonal ion drift cannot change the ion density,
explanation lies in a latitudinally extended enhancement inas apparently suggested by Kelley et al. (2004), but must
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be accompanied by corresponding changes in the meridiondahe fundamental physical principles of our discipline and to
drift to ensure that the electric field is curl-free. Compressingrecognize how much can be learned by applying these prin-
the plasma perpendicular to the magnetic field is not possibleiples. Indeed, Henry’s contributions to our field are numer-
with a curl-free electrostatic field and cannot create a spatiabus but all contain perspectives that were obtained through
gradient in the ion density or the TEC. many years of sound thinking and reasoned analysis. From
his earliest work, and the production of the timeless text “In-
troduction to lonospheric Physics”, his much-quoted seminal
4 The Bastille stormed: discussion and conclusions contribution on polarization electric fields in the F-region by
neutral winds, to his later contributions on what continue to
The generation and re-distribution of plasma in the iono-be ionospheric anomalies, the contributions of Henry Rish-
sphere during major storms are dramatic phenomena wittbeth will represent a lasting, accessible legacy to our field.
large deleterious impacts on critical communication and navA\What we have lost is his indomitable spirit, his humanity, his
igation systems. The changes in the ionosphere are inducesknse of humor and his example to make the best of any cir-
by the imposition of electric fields from the magnetosphere,cumstance you find yourself in. We have lost a gentle giant
modified by the changed ionospheric conductivity. The mod-in the field and we will miss him greatly.
ified transport properties locally change the effective loss rate
of the plasma, and in sunlight cause significant enhancementgcknowledgementsThis work is supported at the University of
in topside electron density and TEC. We conclude that localTexas at Dallas by NASA grant NNXO7AF36G, at the University
production and loss play a dominant role and that no “com-of lllinois by NSF grant NSF-06-44654 and at Boston College by

pression effects” perpendicular to the magnetic field are im-ONR grant NO0014-09-1-0432.
portant. Topical Editor K. Kauristie thanks A. D. Richmond and another
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