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[1] Observations from the Boston University all-sky imaging system at Arecibo, Puerto
Rico (18.3°N, 66.7°W, 28°N mag), show an unusual behavior of nighttime 630.0-nm
airglow depletions. Associated with equatorial spread-F (ESF), these structures move
eastward before reversing their motion and become airglow enhancements. Few other
cases have been found, all during December solstices. For the case study presented here,
data from the Arecibo incoherent scatter radar and the Republic of China Scientific
Satellite (ROCSAT-1) provide supporting information. The radar shows that around local
midnight the background zonal and meridional plasma motions reverse to westward and
southward, respectively. ROCSAT-1 shows enhanced ion density, i.e., a low-latitude
plasma blob, above the bright feature recorded by the all-sky imager, indicating a possible
connection between both phenomena. Drifts parallel to the magnetic field are observed
only in the region where the enhancement occurs. One possible interpretation of this
change in the brightness of the depleted structure involves the influence of northward
meridional winds and a reversal in the zonal drift motion, most likely caused by a zonal

wind reversal.
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1. Introduction

[2] All-sky imaging techniques have been shown to be
extremely valuable when studying the evolution of processes
in the mesosphere, thermosphere, and ionosphere. Images
help to better understand processes occurring in the upper
atmosphere by literally adding a second observational
dimension to line-of-sight (e.g., radar) or in situ (e.g., rocket
and satellite) measurements. When conducted in concert with
such diagnostics, comprehensive multiparameter studies
emerge.

[3] The Boston University all-sky imager at Arecibo,
Puerto Rico, was installed in 2002. This site is poleward
from the northern crest of the Equatorial Ionization Anom-
aly (EIA) and therefore is susceptible to processes driven by
low-latitude and midlatitude electrodynamics. The inclina-
tion of the terrestrial geomagnetic field (I ~ 45°) also makes
it optimal for ionospheric effects driven by thermospheric
winds that seem to play a crucial role in the phenomena
described here. Among the many perturbation effects in-
volving electric fields and winds are medium-scale traveling
ionospheric disturbances (MSTIDs) [Hunsucker, 1982;
Garcia et al., 2000; Shiokawa et al., 2003] and airglow
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brightness waves (BW) associated with the midnight tem-
perature maximum (MTM) [Mendillo et al., 1997]. At
Arecibo, MSTIDs are seen by all-sky imagers as well
defined dark or alternating dark/bright bands moving south-
westward at a large angle with respect to the geomagnetic
meridian [Mendillo et al., 1997; Miller et al., 1997; Garcia
et al., 2000]. These features were initially related to the
Perkins instability [Perkins, 1973; Behnke, 1979; Kelley et
al., 2002] but, recently, a more likely mechanism involving
the coupling between sporadic E (Es) layer and F region
instabilities is thought to play a significant role [Cosgrove
and Tsunoda, 2004; Cosgrove, 2007].

[4] Another process observed at Arecibo, far less fre-
quently but equally dramatic, is the airglow signature of
equatorial spread-F (ESF), process associated with a per-
turbation analog to the hydrodynamic Rayleigh-Taylor
instability (RTI). In these cases, depleted regions in 630.0-nm
airglow emissions grow in latitude and occasionally reach
(and pass) Arecibo’s zenith [Martinis and Mendillo, 2007,
and references therein]. These airglow depletions tend to
move eastward. The observation of depletions reaching the
zenith at Arecibo implies plasma bubbles moving to alti-
tudes higher than 2000 km at the magnetic equator.

[5] The interpretation of optical airglow features is some-
times complicated by the fact that there is no unique way of
obtaining depleted/enhanced airglow signatures. The 630.0-
nm airglow emissions arise from the dissociative recombi-
nation of O3, itself preceded by the reaction between O" and
0,. Its peak emission occurs approximately one scale height
below the peak of the F layer, between 250 and 300 km,
depending, among other factors, on solar activity. Thus
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Examples of all-sky images at 630.0 nm for three different nights (12 December 2002,

26 December 2003, and 18 December 2004); (top) initial dark depletions and (bottom) their final stage as
bright structures. North is at the top and east is to the right of each image. Obstructions by trees occur on
the north and south horizon, with a light-blocking mask in the southeast.

reductions (increases) in airglow emission can be under-
stood as being produced by a decrease (enhancement) in
electron density at the height of emission or an upward
(downward) motion of the ionospheric layer to regions of
lower (higher) O, concentration. For the ESF-related struc-
tures, airglow depletions are due to reduced electron density
at the height of the emission layer. For the bright/dark
bands, associated with MSTIDs, the interpretation implies
downward/upward motion of the ionospheric layer.

[6] In this study we focus on processes in which ESF-
related airglow depletions evolve into enhanced airglow
structures after changing the direction of motion from
eastward to westward.

2. Data

[7] The Boston University all-sky imager [Baumgardner
et al., 1993] at the Arecibo Observatory has been taking
data continuously since May 2002. It utilizes a charge-
coupled device (CCD), thermoelectrically cooled to —50°C.
A rotating filter-wheel houses up to six narrowband (1.2—
1.8 nm FWHM) filters to record nighttime mesospheric and
thermospheric emissions, plus the background continuum.
(Quick-look movies and individual frames are available
online at www.buimaging.com.)

[s] Figure 1 shows three different nights when dark
structures in 630.0 nm (top) moving eastward are seen to
develop into bright features (bottom) later in the night.
Magnetic the activity was relatively quiet for the three

nights, with the SYM-H index less than —15 nT. We
interpret the dark structures at the top of Figure 1 as typical
ESF airglow depleted regions, the optical signatures of the
footprints of depleted flux tubes, a consequence of the
equatorial Rayleigh-Taylor instability. The apex height
(i.e., the altitude at the magnetic equator of the field line
intersecting the airglow layer) of a depleted flux tube in
the southern part of the imager’s field of view (FOV) is
~1800 km (e.g., in the first and third frames). Figure 1
(middle) shows a dark structure reaching the northern edge
of the imager’s FOV, implying apex heights of ~2400 km.
These features remained in the FOV for many hours, the
first two being premidnight events, and the last occurring
after midnight. For each case, later in the night, their
eastward zonal motion reverses to westward and it is during
this reversal when they evolve into the bright structures
shown at the bottom. Note also that finger-like features
develop in the eastern side, an indication of secondary
instabilities. For the 12 December 2002 case (Figure 1, left)
a bifurcated depletion is seen embedded in a bright airglow
(Figure 1, top). After ~4 hours the entire depletion has
evolved into the bright structure seen at the bottom that is
now moving westward and shows finger-like structures in
its eastern wall. For the 18 December 2004 case (Figure 1,
right), there is also bright airglow surrounding the dark
structure (shown at 0546 UT). By 0618 UT, the dark
structure reaches the same brightness of the surrounding
bright region (not shown), and the final structure seen at
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Rayleighs

Figure 2. Time evolution of airglow structures on 26 December 2003 from 0058 to 0650 UT. The
images have been unwarped, assuming an emission height of 250 km, and are shown in a 150° field of

view.

0650 UT consists in a large bright region expanding west-
ward and northward (Figure 1, right, bottom).

[9] In this paper, we analyze the 26 December 2003
(Figure 1, middle) in detail because it shows most clearly
the evolution of the dark structure into an enhanced region,
and supporting diagnostics from the Arecibo Incoherent
Scatter Radar and the Republic of China Scientific Satellite
(ROCSAT-1) are available. For this night, SYM-H is less
than —5 nT until ~06:00 UT when it reaches —15 nT.
Figure 2 shows a time sequence of 630.0-nm airglow
images spanning 0058 UT to 0650 UT, i.e., the premidnight
to postmidnight hours. The images have been calibrated into
brightness units in Rayleighs (R) using standard stars as
reference, and we estimate levels of uncertainty to be
~25%. Vignetting (the off-axis response of the imaging
system that reduces brightness at the rim of the fisheye lens)
and Van Rijhn effects (slant path effects that enhance
brightness at the rim) were removed. The raw images have
been unwarped (i.e., each pixel in the fish-eye image is
assigned a geographic latitude and longitude) assuming an
emission height of 250 km, with the result shown upon a
Mercator map projection. Latitude and longitude grids are at
5° intervals.

[10] Embedded in a bright background, shown in Figure 2
(top), a depletion surges from the south in the western part
of the FOV (now reduced to 150°) at 0130 UT and by 0202
UT has reached the latitude of Arecibo’s zenith. While

slowly moving eastward it reaches a maximum extension at
~22° geographic latitude at ~0306 UT. Notice the devel-
opment of ridges at the western wall, a well known
consequence of the wind-driven gradient drift instability
[Tsunoda, 1983; Kelley, 1989]. The elongated dark feature
(fully developed by 0234 UT) increases its brightness and
by 0442 UT, instead of the typical depletion, a bright
structure is clearly observed. It took approximately 2 hours
for the reversal to occur. Now the western wall of the bright
feature does not show any additional structuring; instead,
the eastern wall is the one showing multiple secondary
structures. During the entire process, airglow depletions to
the south are seen moving eastward. The unusual feature we
focus upon is the reversal in brightness of the large
depletion that is followed by the development of ridges in
its eastern wall.

[11] The Arecibo Radar measured plasma parameters
during this night until 0400 UT. Figure 3 shows the
maximum electron density, N.. (Figure 3, top), and the
height of the peak electron density profile, H,,,x (Figure 3,
bottom). The apparent temporal periodicity is caused by the
azimuth rotation of the Arecibo beam. Nothing unusual is
observed during this period above Arecibo, in agreement
with the airglow observations at zenith. lon vector velocities
are obtained from line of sight velocity measurements by
continuously rotating the antenna beam back and forth
360 degrees in azimuth at 15 degrees off zenith (~65 km
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Figure 3. Arecibo Radar measurements on 26 December 2003 between 0000 and 0400 UT. (top) Peak
electron density (N,ax). (bottom) Height of peak electron density (Hy,.x). The quasiperiodicity observed

is due to the swinging of the beam.

radius at 256 km height) to sample the horizontal compo-
nents. The processing uses the linear regularization inversion
method that instead of assuming the 3D velocities do not
change in one rotation (~15 minutes), assumes that the
variation between points is linear [Sulzer et al., 2005]. The
vector velocities can be obtained in geographical coordinates
as Vouth, Veast and Vy, or in geomagnetic coordinates as
Vparal, Vpn and V., the components parallel and perpendic-
ular to the magnetic field in the meridional and zonal planes,
respectively. The electric field can be related to the drifts
through the relations E,. = —V,, * Band E;, = V.. * B. A
problem with the Arecibo 430 MHz transmitter (which
affects velocities with a vertical component like V,, and
Vparal and V,,,) appears to have taken place for these measure-
ments, so we show in Figure 4 horizontal plasma drifts (Vgouen
and V,) from 0000 to 0400 UT at two heights: 256 km,
representing the height of 630.0 nm airglow emission, and at
516 km, a height closer to the ROCSAT-1 orbit (discussed
below). Clearly, at 256 km the background ionospheric
plasma over Arecibo reverses its zonal and meridional
motions between 0300 and 0330 UT, going from eastward
and poleward to westward and equatorward. The reversal for
the zonal component seems to occur later at lower altitudes,
an indication of the presence of a shear in altitude. The
sequence of images in Figure 2 shows that originally the main
dark structure observed to the west moves slowly eastward
and between ~0330 and 0410 UT it reverses its zonal motion,
confirming that it is embedded within and responds to the
background conditions measured by the radar. The dark
structures to the south of Arecibo’s FOV continue their
eastward motion until ~06:00 UT. This is a clear indication
of the presence of latitudinal shears in the zonal motion of the

plasma drifts within the height regime of the 630.0-nm
airglow layer.

[12] Two ROCSAT-1 satellite passes (at a height of
~570 km) in the American sector are available for this
night. Data were obtained with the Ionospheric Plasma and
Electrodynamics Instrument (IPEI), consisting of sensors
that measure ion number density, drift velocity vector,
temperature, and composition [Su et al., 2001]. The first
pass was over South America and the information obtained
can be related to the airglow structure observed by the all-
sky imager at Arecibo at ~0202 UT. Figure 5a shows a map
with the satellite’s trajectory and ion density values along it
(between 0154 and 0204 UT). The corresponding image
from Arecibo shows the elongated dark structure not fully
developed. Magnetic longitude lines are indicated to relate
both data sets. Because of the flux tube nature of the ESF
process the information provided by the satellite can be
related to the all-sky imager data assuming that both are
sampling the same flux tube at different altitudes/latitudes.
A plasma bubble (a factor of ~2 less than the background)
is clearly observed by the satellite at a magnetic longitude
that is connected to the location of the airglow depletion
(~50% darker than the zenith measurements).

[13] Figure 5b shows the next satellite pass in the Amer-
ican sector (between 0353 and 0359 UT), when the structure
is becoming brighter than the background (~30% brighter).
The pass is directly above the bright feature observed by the
imager. The satellite now measures a region of increased ion
density (~3 times larger than the background). From
Figures 5a and Sb, our interpretation is that the original
dark structure, sampled closer to the equator by the satellite
as a plasma bubble, has reversed its characteristics to
become a bright structure, sampled now by the satellite as
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Figure 4. Plasma drifts obtained with Arecibo ISR at 256 km (solid lines) and 516 km (dotted lines).
(a) Horizontal drifts in the south (meridional) direction. (b) Horizontal drifts in the east (zonal) direction.

an enhanced ion density region, known as “low latitude
plasma blobs™ [Park et al., 2003, 2008; Le et al., 2003].
[14] Figure 6 shows ROCSAT-1 plasma velocity compo-
nents for the second pass in Figure 5b. From top to bottom,
Figure 6 shows ion density data; the field-aligned compo-
nent V| (positive when parallel to the magnetic field, i.e.,
downward), the perpendicular component in the meridional
plane Vpenv (positive pointing outward, in this case
northward), and the perpendicular component in the zonal
plane V7 (positive when pointing eastward). The plasma
within the region of density enhancement is slowly moving
westward with almost zero meridional motion. Most
noticeable is the parallel motion of the plasma: outside the
region of the density enhancement the drift is ~—50 m/s but
inside it is ~+30 m/s. This could be an indication of the
influence of meridional winds acting in a limited long-
itudinal sector and producing the enhanced airglow. These
results from ROCSAT-1 can be compared with the radar
observations of horizontal flow at 516 km in Figure 4,

keeping in mind that ROCSAT-1 is measuring perpendicular
to B components of the plasma velocity. A very small zonal
component is observed (westward flow) while the results
for the meridional component show a stronger southward
flow as determined by the satellite.

3. Discussion
3.1. Bright Airglow Structures

[15] There is only a brief literature on the contrasting
brightness features associated with ESF effects. The airglow
signatures that would result from simulations of the Ray-
leigh-Taylor-like instability at the geomagnetic equator were
first computed and compared with observations in the work
of Mendillo et al. [1985]. The upwelling and downwelling
components of ESF flux tubes resulted in depletions versus
enhancements to airglow at 630.0 nm versus only depletions
for images at 777.4 nm. These enhancements are different
from the case shown in the work of Garcia et al. [2000]
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Figure 5. (a) Map showing ROCSAT-1 trajectory and superposed ion density between 0154 UT and
0204 UT. A strong ion density bubble is observed at ~0201 UT close to the geographic equator. Also
shown is a 630.0 nm all-sky image (at 0202 UT) with an airglow depletion seen at the same magnetic
meridian. (b) Same as in Figure 5a but for the next satellite pass, between 0353 and 0359 UT. The bubble
has changed into an ion enhancement, and the all-sky image (at 0410 UT) shows a corresponding airglow

enhancement.

where the 630.0 nm emissions during a geomagnetic storm
became bright due to the presence of an expanded northern
crest of the EIA. Another storm-time study by Makela et al.
[2006] described a case where ESF airglow depletions are
seen surrounded by a bright background airglow, pointing
out that the depletions in 630.0 nm keep their characteristics
and it is the background airglow layer that is affected by an
ongoing geomagnetic storm. Studies by Pimenta et al.
[2004, 2007] show airglow enhancements occurring simul-
taneously with airglow depletions, an effect they treat as the
bright airglow signatures of plasma blobs. Specifically they
consider the mechanism proposed by Le et al. [2003] who
suggested that the blobs are a consequence of plasma being
moved up from the region of the crests of the EIA due to a
polarization electric field, associated with the presence of
depleted flux tubes. These depletions cannot move to higher
latitudes due to field-aligned plasma pressure gradient at

their poleward edges. This mechanism assumes that plasma
bubbles are limited to occur in the region bounded by the
crests of the anomaly; it does not give an explanation for
situations in which plasma bubbles reach very high apex
altitudes and consequently can be observed poleward of the
crests of the EIA. It also implies that blobs should occur
near the poleward tip of depleted regions.

[16] Using data from the 47 MHz Equatorial Atmosphere
Radar (EAR), Yokoyama et al. [2007] observed backscatter
plumes associated with plasma bubbles reaching ~13° dip
latitude south. The plumes grew upward late in the premid-
night sector, in association with the appearance of plasma
blobs detected by ROCSAT-1 at dip latitude of ~9° north.
Thus the depleted flux tube was limited to regions equator-
ward of ~9°N and extended to a dip latitude of ~13°S. The
authors invoke, following Le et al. [2003], the presence of a
localized eastward polarization electric field that generates
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Figure 6. ROCSAT-1/IPEI data for the second pass shown in Figure S5b. The shading indicates the
location of the bright airglow structure with associated perturbations in the parameters measured by the
satellite. From top to bottom, ion density; perpendicular component in the meridional direction (Vperm);
parallel component (Vpar1), and perpendicular component in the zonal direction (Vyez). The salient
feature is the presence of strong parallel drifts only in the region of airglow/density enhancement.

plasma blobs as well as the resurgence of the plumes.
Yokoyama et al. [2007] also point out that the influence of
neutral winds might explain the asymmetric development of
the depleted flux tube.

3.2. Brightening of Dark ESF Structures

[17] Each of the cases described above did not involve an
original depletion evolving into an enhanced feature while
the overall background does not change significantly, as
reported here. The full set of cases allows us to identify the

following additional characteristic features for this phenom-
enon: (a) an original dark structure, considered to be ESF-
related, moving eastward, (b) enhanced background airglow
toward the south of Arecibo’s FOV, (c) a reversal to
westward motion and brightening of the dark structure,
(d) occurrence during December solstice period.

[18] The review article on imaging of low-latitude irreg-
ularity processes presented by Makela [2006] makes refer-
ence to the occurrence of these cases where airglow
depletions become bright structures, and Seker et al.
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[2007] showed examples from the nights of 26 December
2003 and 18 December 2004, with no discussion or
analysis offered. As shown in Figures 1-6, we are now
able to demonstrate that a depleted airglow structure
associated with ESF changing into a feature with enhanced
airglow is a new and recurrent phenomenon in equatorial
and low-latitude acronomy. Supporting diagnostics allow us
to point for the first time to the effect being associated with a
reversal in the zonal motion of the background ionosphere
and the presence of strong parallel (downward and poleward)
drifts that could be associated with of northward meridional
winds. Unfortunately, Fabry-Perot interferometer measure-
ments from Arecibo were not available for this night.
Emmert et al. [2006] showed that average meridional winds
at Arecibo during northern hemisphere winter are southward
between 2200 and 0000 LT. This pattern is in agreement with
the direction of the parallel drifts observed by ROCSAT-1
(antiparallel to B) outside the airglow enhancement region.
Inside the structure, parallel to B drifts are observed, that we
attribute to a northward neutral wind.

[19] Using the SAMI3/ESF model [Huba et al., 2008],
Krall et al. [2009] simulated the evolution of the dark
structure observed on 26 December 2003. They were able
to reproduce the observations by implementing a combina-
tion of converging zonal winds and a meridional wind. A
steady northward meridional wind (20 m/s) applied every-
where causes the electron density in the downwind “leg” of
a field-aligned ESF bubble to increase because of down-
ward plasma flows. If a converging zonal wind pattern is
added, it can disrupt the upward motion of an ESF bubble.
The cessation of ESF-related plasma uplift (E x B upward
across field lines) allows the downwind leg of the bubble to
“fill in,” enhancing its density above the background
density, thereby leading to an airglow enhancement. Another
important result from the model is that it predicts (in the
northern hemisphere), at latitudes close to Arecibo, an
increase in electron density between 300 and 700 km. This
height range includes the region sampled by ROCSAT
that shows an increase in ion density. The two other cases,
12 December 2002 and 18 December 2004, do not show the
brightening occurring from the sides. It is not clear if similar
mechanisms are responsible for these reversals.

[20] Recently, Park et al. [2008] showed the seasonal
dependence of low-latitude plasma blob occurrence and
found that in the northern hemisphere in the American
sector the maximum occurs during December solstice, the
same period that the reversals from depletions to bright
structures are observed at Arecibo. The connection between
the enhanced ion density and the bright airglow can be
shown in Figure 6 where the satellite measures an increase
in the ion density while moving above the bright airglow
feature. While similar occurrence rates point to a possible
connection between the plasma blob observed by ROCSAT-1
and the bright structure observed by the all-sky imager,
more work is needed in order to fully understand if and how
are they related.

[21] An interesting observation, not reproduced in the
SAMI3/ESF simulations, and beyond the scope of this
paper, is the development of secondary structures in the
eastern wall of the bright regions. This is clearly noticed in
the 12 December 2002 and 26 December 2003 cases in

MARTINIS ET AL.: BRIGHTENING OF ESF AIRGLOW DEPLETIONS
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Figure 1. Secondary instabilities have been observed usu-
ally in the western wall of depleted structures. In the Makela
et al. [2006] study, however, secondary instabilities develop
in the eastern wall of the ESF-related structures at Hawaii.
They were explained in terms of an E x B instability with a
westward and equatorward wind acting on a density gradi-
ent pointing eastward. The same mechanism cannot be
applied to the cases shown here because the structures are
moving westward and the density gradient is in the same
direction, i.e., a bright structure embedded in a dark
background.

[22] Finally, simultaneous conjugate observations at both
hemispheres using all-sky imagers will help to understand
how these processes evolve. According to the results from
the SAMI3/ESF simulations, a dark structure measured with
a conjugate all-sky imager would become darker, rather
than brighter. This could be an excellent opportunity to
validate the driving mechanism proposed in the model. In
order to study this phenomenon and other relevant processes
occurring in the low-latitude ionosphere that will benefit
from conjugate studies, Boston University installed an all-
sky imager system close to the conjugate point of Arecibo at
the Mercedes Observatory (34.57°S, 59.4°W, —24° mag) in
Argentina.

4. Summary

[23] We have shown 630.0 nm images from the Boston
University all-sky imager at Arecibo, Puerto Rico, from
three different nights during December solstice periods
when ESF-related airglow depletions become regions with
enhanced airglow. The case we analyzed in detail, 26
December 2003, shows that the increase in brightness
occurred during the reversal of the background meridional
and zonal plasma drift motions, as measured by the Arecibo
Incoherent Scatter Radar. ROCSAT-1 data (at a height
~570 km) show an enhancement in ion density above the
bright airglow structure observed by the imager; this en-
hancement is accompanied by strong drifts parallel to the
magnetic field, i.e., poleward and downward into the
airglow layer, while outside the enhanced region the plasma
moves antiparallel to B. This indicates that the enhanced
airglow observed in the originally depleted structure is a
consequence of plasma moving to lower altitudes and, as a
result, increased emission in 630.0 nm occurs. The study by
Krall et al. [2009] indicates that the explanation of this
phenomenon could be linked to the behavior of the zonal
and meridional winds. Also, the common characteristics
shared by low-latitude plasma blobs and airglow enhance-
ments, e.g., December solstice occurrence and the direction
of plasma velocities, indicate a possible connection between
both phenomena.
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