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Abstract. We report and discuss interesting observations ofmost dramatic examples of variability, our observations ex-
the variability of electric fields and ionospheric densities nearemplify that the dawn sector can be highly variable as well.
sunrise in the equatorial ionosphere made by instrument 6 .
onboard the Corﬂmunications/Npavi ation Outgl/ e Forecast?(eywords' lonosphere (electric fields and currents; equato-
) . gat g€ _rial ionosphere)

ing System (C/NOFS) satellite over six consecutive orbits.
Electric field measurements were made by the Vector Elec-
tric Field Instrument (VEFI), and ionospheric plasma den- .
sities were measured by Planar Langmuir Probe (PLP). Thé Introduction

data were obtained on 17 June 2008, a period of solar min- . .
imum conditions. Deep depletions in the equatorial plasmal N€ Pre-reversal enhancement (PRE) in the eastward electric
density were observed just before sunrise on three orbits, fofl€/d component near sunset in the equatorial ionosphere is
which one of these depletions was accompanied by a ver)ﬁ phenomenon that has be'en well reported and studied (;ee
large eastward electric field associated with the density de!<€lley, 2009). Several theories have been proposed to explain
pletion, as previously described by de La Beaujardiére e{he PRE. Rishbeth (1971) first suggested that the PRE would
al. (2009), Su et al. (2009) and Burke et al. (2009). The ori-Pe aresult of charge accumulation below and above the equa-
gin of this large eastward field (positive upward/meridional torial ionospheric F region that would result from the disap-
drift), which occurred when that component of the field is Pé&rance of conjugate E region conductivities, and an east-
usually small and westward, is thought to be due to a largevard thermospheric wind. Farley et al. (1986) explained the
scale Rayleigh-Taylor process. On three subsequent orbit§ RE @s @ result of a gradient in the off-equatorial Hall con-
however, a distinctly different, second type of relationship ductivity, coupled with the action of eastward thermospheric
between the electric field and plasma density near dawn waBeutral winds, which would result into a polarization east-

observed. Enhancements of the eastward electric field werd@rd electric field near sunset. Haerendel and Eccles (1992),
also detected, one of them peaking around 3mVbut ~ ©N the other hand, proposed that the PRE is an enhancement

they were found to the east (later local time) of pre-dawnin the daysi_de (el_ectrojet)_ eastward electric fiel(_j createq to
density perturbations. These observations represent sunri§a®Se the wind-driven vertical current at equatorial F region

enhancements of vertical drifts accompanied by eastward'€ights. _ o
drifts such as those observed by the San Marco satellite Here, we reportnew observations of a similar phenomenon

(Aggson et al., 1995). Like the San Marco measurements©Ccurring at dawn. The observations are presented in the next

the enhancements occurred during winter solstice and loy»ction. followed by a discussion of the results and sugges-
solar flux conditions in the Pacific longitude sector. While NS as to the origin of upward drifts (eastward electric field

the evening equatorial ionosphere is believed to present th8lructures) near dawn.
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uT. Finally, we note that a high-speed stream (HSS) en-

............... IAEA countered the Earth during the period when our measure-
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ments were made (17 June 2008), as discussed by Burke et
al. (2009). The associated and highly variably electric fields
in the interplanetary medium are likely due to Alfven waves,
which can penetrate to equatorial latitudes (e.g., Tsurutani
and Gonzales, 1987; Kikuchi et al., 2008; Kelley, 2009).
Kelley and Dao (2009) studied a fortuitous event in which
simultaneous data existed from the ACE interplanetary satel-
lite and the Jicamarca radar during such an event. This al-
....... lowed them to determine definitively the local time depen-

08 12 i 75w 00 04 08 dence of the penetrating electric fields. Given that the signals

discussed in the Kelley and Dao (2009) study displayed a

Figure 1. Superimposed vertical drifts (eastward electric fields) very peaked spectrum at periods of one hour, which is quite
measured at Jicamarca, Peru. (After Woodman, 1970. Reproduced bit lower than the large-scale depletions, we note that the
with permission of the American Geophysical Union.) fine structure in the drifts and fields could well be associated
with the HSS.
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Before describing new data, we review previous observa- .
tions that may be similar. Woodman (1970) reported on zonaf  Data presentation

electric field/upward drift data taken at the Jicamarca Radio_. . . .
Observatory in the summer of 1968, as reproduced in Fig 1F|gure 2 shows a series Of. plasma. drift and density mea-
' ' surements made in situ by instruments onboard C/NOFS in

At sunset, the pre-reversal enhancement of the zonal electri . " .
field occurred every night. In addition, these superimposeo}(iune 2008, Flgurg 2 consists of a series of three-panel plots
' ’ or each of six orbits (914 through 919) of the C/NOFS satel-

plots ShO\.N that nearly half of the days StUd.Ied. also had 8ite on 17 June 2008. For each orbit, the upper panel shows
post-sunrise enhancement of the zonal electric field, where .- .
e meridional (black) and zonal (blug) x B plasma drifts.

the other days did not. Long-term averages of the JicamarcRI - e . .
. . ) ote that the meridional plasma drift is associated with zonal
zonal field (Fejer et al., 1991; Kelley, 2009) may wash OUtelectric fields, and the zonal plasma drift is associated with

this effect. However, it is the case that the summer averages ~ . . o
. o - meridional electric fields. (Even though the measurements
in those references at least indicate a more precipitous de-

. S ere gathered with an electric field instrument, we will usu-
crease of the westward-directed nighttime zonal componen . . .
. i : ally refer to their correspondin§ x B drifts, as calculated
between 04:00 and 05:00 LT than in the other seasons. This : N
. A . using the measured magnetic field values (see Pfaff et al.,
could be due to an occasional contribution of a sunrise pre-

reversal enhancement of the eastward component (SrPRE) 120010) when discussing the data.) .
The middle panel of each set shows the ion plasma den-
the averages. sity (N;). Note that the scale for this component has been
Using electric field data from the San Marco Satellite, Ag- y i), P

-~ changed for Orbit 915 in order not to clip the deep density de-
gson et al. (1995) reported enhanced eastward electric fleldSIetion, discussed below. Beneath the middle panel, the black

at dawn, and showed nine cases of enhanced meridional (up-_ . . : . )
. . ) : ar indicates when the satellite was in eclipse. The lowest
wards) drifts occurring when the nightside zonal eastward anel provides a map of the Earth’s low latitude region with
drifts diminished significantly. Using five years of ROCSAT Pane Pro P e reg
: ; . . the satellite ground trace superposed (black line). The grey

satellite data of ion drifts measured near 600 km altitude, : )

. : : shaded region represents the Earth’s shadow on the ground,
Fejer et al. (2008) constructed climatological curves of ver- : - . :
. ) . - .~ and the red and blue lines indicate the satellite altitude an
tical plasma drifts. Their results (their Fig. 4) seem to indi-

cate the occurrence of enhanced upwards drifts during th agnetic equator, respectively. Orbit 918 was also presented

June solstice in the longitude sector-e100 to—160° east, In Pfaff et al. (2010).

despite the averaging. Finally, using C/NOFS satellite data Thg regular quas smusqdal oscillation n the pIa;madnft
. data is at the orbital period of the satellite, and is due to

Pfaff et al. (2010) reported vector electric fields measured . . o
the dominant diurnal variation of these parameters (Kelley,

during the 2008 solar minimum, which also revealed sigha- . . .
- . ; 2009). For example, the meridional plasma drift is, to first
tures of enhanced meridion&l x B drifts near dawn. Sim- . .
. . rder, upward during the day and downward at night, and the
ilar to the Aggson et al. (1995) study, these authors pointe e .
. , zonal plasma drift is westward during the day and eastward

out that the vertical drift enhancements occurred where the " - : g :
. . . at night. Similarly, the ambient plasma density is highest in
zonal eastward drift terminated, and emphasized the geo; : : . : 7

. L the daytime and lowest at night, leading to its quasi-diurnal
graphical/seasonal variation between the angle of the mag- ;

X S : . ; ehavior.

netic declination and the sunrise terminator to explain the

variability in the electric field.
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C/NOFS Observations -- Jun 17 2008
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Figure 2. Meridional and zonal plasma drifts measured by VEFI and ion density measured by PLP for six consecutive orbits of the C/NOFS
satellite on 17 June 2008. The eclipse bar below the middle panel shows when the satellite was in the Earth’s shadow. The lowest panel show:
the C/NOFS geographic location and altitude, the magnetic equator, and the Earth’'s shadow on the ground.

Figure 3 shows expanded plots of the data centered on theeached 150 m& (~ 3mV m™1), certainly among the larger
dawn region for the local times of 3 to 8 a.m. The panels areupwards drift amplitudes (zonal equatorial fields) ever mea-
the same as before, although here, the grey shadow overlasured in the low-latitude ionospheric F region not associated
on the Earth in the lowest panel corresponds to where thevith a density depletion.
terminator occurs at 100 km altitude. Inspection of these six We now explore a possible relationship between the zon-
orbits reveals two different general relationships between thally eastward plasma drift near dawn and the vertical drifts.
electric field and plasma density near dawn. The former is plotted in blue and the latter in black. Most

The event near 09:36 UT on Orbit 915 is one of the collo- notable is the event labeled Orbit 918, which exhibited very
cated, deep depletion/high zonal electric field events reportetarge drifts around E region sunrise, and we have blown this
by de La Beaujardiére et al. (2009) and Su et al. (2009). Theaup in Fig. 4 and added an arrow plot (top panel) to empha-
large electric field enhancement and deep plasma depletiosize the changing directions and magnitudes of the changing
were found before E region sunrise and were anti-correlatedE x B drifts. The large eastward drift near sunrise indicates
that is, the upward drift had a waveform similar to the density that the neutral wind was also eastward, since the F region
depletion. The previous pass (Orbit 914) had a deep densitdynamo dominates the eastward plasma drift at night. After
depletion, but a fluctuating electric field that was not orga-crossing the terminator, the control of the zonal plasma drift
nized into a recognizable enhancement until the east wall oflepends upon both the E and F region dynamos. We believe,
the depletion. In the subsequent orbit (916), there is a weaklue to the inertia in the wind field, that the neutral wind re-
event with little evident correlation, although the depletion is mained eastward (but weaker) across the terminator, creating
very modest compared to that of the preceding two orbits. a similar situation to that which commonly occurs at dusk.

On the other hand, on Orbit 917, there is an increase infSeveral examples in the data in Fig. 1 show a similar structure
the upward drift very close to E region sunrise, but with a in the upward drift at dawn as seen here. Unfortunately, there
weak F region density enhancement. In the subsequent tware very few neutral wind observations near dawn, since opti-
orbits (918 and 919), largE x B enhancements and modest cal instruments have very low signal strength. An exception
density depletions were detected, but the enharftedB is the DE-2 data reproduced in Fig. 3.6b of Kelley (2009),
occurred well after (later local time) the depletion event, which shows that the wind, occasionally, stays east through
and just as the F region plasma density began to build u@6:00LT.
on the dayside. Th& x B enhancements were comparable
to the drifts near noon and, on Orbit 918, the component

www.ann-geophys.net/32/1169/2014/ Ann. Geophys., 32, 116975 2014
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C/NOFS Observations -- Jun 17 2008
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Figure 3. Same as Fig. 2, except that the data are enlarged for the periods of 03:00-08:00 LT. Furthermore, the grey shading in the lowest
panel corresponds to the shadow of the Earth at 100 km altitude.

3 Analysis which supports an inverse cascade from intermediate to large
scales, finally filling the available volume (Kraichnan, 1967,
The data gathered on the C/NOFS satellite orbits discusse8eyler et al., 1975). Although not yet fully proven in con-
above reveal a complex sunrise electrodynamics similar tosective ionospheric storms, it has been conjectured that two-
that observed at sunset. We discuss these different types afimensional turbulence occurs when wedges/bubbles extend
events below. to apex altitudes above about 500 km (Kelley and Ott, 1978;
Ott, 1978).
3.1 Alarge-scale Rayleigh—Taylor process — Orbit 915
3.2 Post-sunrise electric field enhancements
De La Beaujardiére et al. (2009) presented the data, previ-  — orbits 917-919
ously, for Orbit 915, and Su et al. (2009) simulated it. Their
conclusion is that the density depletion/electric field en-The data in orbits 917-919, and most pronounced in Orbit
hancement is a large-scale Rayleigh—Taylor instability. The918, suggest that, at times, an enhancement of the zonal elec-
anti-correlation of vertical velocity and plasma density is not tric field (and verticalE x B drifts) occurs around sunset
perfect, but this production is based on a simple model oftimes. The sunrise enhancement resembles the pre-reversal
current continuity (Kelley, 2009), which does not include enhancement (PRE) of the vertical drifts that is commonly
any effects of two-dimensional turbulence. That instability observed by ground- and space-spaced instrument near sun-
is independent of scale (Kelley et al., 1981) if a seed depleset hours in the equatorial ionosphere. The satellite tracks
tion or electric field initially exists. Huang et al. (2012) fur- (thick black line) shown in the bottom panel of Fig. 4 in-
ther commented that these large depletions are caused bydicates that the measurements were made very close to the
merging of smaller-scale “bubbles”. We use quotation marksmagnetic equator, which is indicated by the blue line. Fig-
since the structures are really more akin to wedges similaure 4 also shows that the measurements were made around
to orange slices, but usage of the quoted term is very com400 km altitude.
mon. We note here that such a merging is expected, since The PRE has been studied extensively, and theoretical and
the western edge of a wedge/bubble is positively chargedexperimental investigations have attempted to characterize
whereas the adjacent one to the west is negatively chargeds magnitude, its longitudinal and seasonal variability, as
causing the resulting electric field in the uplift of low-density well as its dependence on solar flux and day-to-day varia-
plasma. Merging of vortices in a two-dimensionally turbulent tion (e.g., Fejer et al., 1979; Abdu et al., 1981, 1992; Eccles,
plasma is a common component of two-dimensional theory,1998; Kil et al., 2009). The sunrise enhancement has been

Ann. Geophys., 32, 1169+175 2014 www.ann-geophys.net/32/1169/2014/
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C/NOFS Orbit 918 -- June 17 2008 (Day 169)
VEFI and PLP Observations
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Figure 4. An enlargement of the data shown in Fig. 3 for Orbit 918. The top panel shows th@ vector plasma drifts. The grey shading
refers to the shadow on the ground.

studied in the past, but to a much lesser extent (e.g., Agssomap back to equatorial F region heights and produce the PRE
etal., 1995), which has motivated us to report and discuss theattern.
observations made by C/NOFS. The enhancement of the zonal electric field around dawn
Three theories (Rishbeth, 1971; Farley et al., 1986;can be explained following the same mechanism proposed by
Haerendel and Eccles, 1992) have often been invoked tdarley et al. (1986). Again, eastward F region winds blowing
explain the development of the PRE as reviewed by Ec-in the eastward direction across the sunrise terminator are
cles (1998). While the mechanism most effective at produc-the source of the sunrise enhancement. Figure 5b illustrates
ing the PRE is the subject of discussion, the most widelythe creation of the polarization electric field in the equato-
referenced mechanism is, arguably, that proposed by Farlegial F region and its mapping to the low-latitude E region. In
et al. (1986). this case, however, the divergence of the Hall current creates
Figure 5a is used to illustrate the PRE mechanism, and t@n accumulation of positive charges across the sunrise ter-
explain the enhancement of the vertical drifts around dawnminator. As a consequence, an enhancement of the vertical
Farley et al. (1986) suggested that an eastward wind, in théupward) drift develops to the east (dayside) of the termina-
evening sector and across the terminator, would produce ator.
upward Pedersen current densiffp(= opU x B) and, as a Considering that, at nighttime, the zonal F region plasma
consequence, a downward polarization electric figlg) (in drifts are highly coupled to the thermospheric winds via an
the equatorial F region. This electric field would map, along F region dynamo, our observations of zonal plasma drifts
equi-potential magnetic field lines, to the conjugate E regionduring orbits 917-919 suggest strong eastward winds near
at low latitudes. The polarization electric field is stronger on sunrise. The beginning of the sunrise is then indicated by the
the eastern side of the terminator because of the reduced E rélecrease in the magnitude of the zonal plasma drifts, a result
gion densities (and conductivities) compared to the westerrof the activation of the E region dynamo. Therefore, the en-
side. The downward electric field (equatorward at low lati- hancement in the vertical drifts is observed after the satellite
tudes) drives a westward Hall currenf{). The divergence crossed the sunrise terminator when considering the solar il-
of the Hall current across the terminator creates an accumuldumination of the conjugate E regions. We must keep in mind
tion of negative charges and a secondary polarization electrithat the shaded area represents the Earth’s shadow at ground
field (E2), which points in the eastward direction to the west level, and is not a good representation of the effective (flux-
of the terminator, and in the westward direction to the eastiube integrated) terminator at F region heights.
of the terminator. This polarization electric field would then

www.ann-geophys.net/32/1169/2014/ Ann. Geophys., 32, 116975 2014
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Night Large ionospheric plasma depletions were observed just
K before sunrise on the three first orbits. These depletions
o were accompanied by large eastward electric fields as pre-
lgl‘\‘ viously described by de La Beaujardiére et al. (2009), Su et
. B al. (2009) and Burke et al. (2009). The eastward field (posi-
2 tive upward/meridional drift) is thought to be associated with
a large-scale interchange plasma (Rayleigh—Taylor) process.
. ] On three subsequent orbits, however, a relationship between
\ -\ ; electric fields and plasma density patterns was observed near
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! b b . <J”_ dawn. Enhancements of the eastward electric field were also
N K _\ S detected, one of them peaking around 3 mVAmbut they
\\ : E, were found to the east (dayside) of the terminator. These
West Sunset East observations represent dawn enhancements of vertical drifts
Terminator driven by eastward winds such as those observed by the San
Night Day Marco satellite (Aggson et al., 1995). Like the San Marco
measurements, the enhancements occurred during winter sol-
. stice and low solar flux conditions in the Pacific longitude
_U> Ij” lEl lEl\\ sector. We explain that, under the action of an eastward,
B equatorial thermospheric wind, the enhancement of the ver-
) tical plasma around sunrise hours can be explained using the
same mechanism proposed by Farley et al. (1986) to explain
the enhancement of the vertical drifts around sunset.
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