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Abstract. In March 2014 an all-sky imager (ASI) was
installed at the Jicamarca Radio Observatory (11.95°S,
76.87°W; 0.3°S MLAT). We present results of equatorial
spread F (ESF) characteristics observed at Jicamarca and
at low latitudes. Optical 6300 and 7774 A airglow observa-
tions from the Jicamarca ASI are compared with other collo-
cated instruments and with ASIs at El Leoncito, Argentina
(31.8°S, 69.3°W; 19.8°S MLAT), and Villa de Leyva,
Colombia (5.6° N, 73.52° W; 16.4° N MLAT). We use Jica-
marca radar data, in incoherent and coherent modes, to ob-
tain plasma parameters and detect echoes from irregularities.
We find that ESF depletions tend to appear in groups with
a group-to-group separation around 400-500 km and within-
group separation around 50-100 km. We combine data from
the three ASIs to investigate the conditions at Jicamarca that
could lead to the development of high-altitude, or topside,
plumes. We compare zonal winds, obtained from a Fabry—
Pérot interferometer, with plasma drifts inferred from the
zonal motion of plasma depletions. In addition to the ESF
studies we also investigate the midnight temperature maxi-
mum and its effects at higher latitudes, visible as a bright-
ness wave at El Leoncito. The ASI at Jicamarca along with
collocated and low-latitude instruments provide a clear two-
dimensional view of spatial and temporal evolution of iono-
spheric phenomena at equatorial and low latitudes that helps
to explain the dynamics and evolution of equatorial iono-
spheric/thermospheric processes.

Keywords. Ionosphere (equatorial ionosphere; ionospheric
irregularities; plasma temperature and density)

1 Introduction

All-sky imagers (ASIs) at equatorial and low latitudes are
used to study thermospheric and ionospheric processes like
equatorial spread F (ESF) and the brightness wave (BW), a
consequence of the midnight temperature maximum (MTM).
Equatorial spread F refers to plasma irregularities that oc-
cur after sunset in the equatorial and low-latitude F region
(Woodman and La Hoz, 1976). The MTM is an increase in
neutral temperature that occurs in the thermosphere around
local midnight (Spencer et al., 1979). Equatorial spread F
has significant impacts on space weather such as disrupting
navigation and communications signals through scintillation
(Kintner et al., 2001) and the temporal and spatial variations
of the MTM help to describe the role that lower atmospheric
tides have on the upper atmosphere (Akmaev et al., 2009).
After sunset, the main radar at the Jicamarca Radio Obser-
vatory (50 MHz; 11.95° S, 76.87° W; 0.3° S MLAT) in Peru
measures irregularities associated with ESF (Farley et al.,
1970). The radar detects irregularities with scale sizes equal
to half the radar wavelength (3 m). Large-scale ESF struc-
tures (10-500km) can also be observed as airglow deple-
tions within the field of view of ASIs (Weber et al., 1978).
These structures are regions that have less plasma and thus
are darker than the background. Depletions can be associ-
ated with three types of ESF: bottom-type, bottomside, and
topside (Woodman and La Hoz, 1976). The large-scale struc-
tures of topside ESF are often referred to as plumes or plasma
bubbles. At the magnetic equator we observe bottomside ESF
that appears as dark bands oriented along magnetic field
lines. Observations away from the magnetic equator mea-
sure topside ESF and are visible as bifurcated structures ex-
tending away from the magnetic equator. Equatorial spread F
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processes are flux-tube integrated (e.g., Sultan, 1996; Weber
et al., 1996; Keskinen et al., 1998) so the topside structures at
the magnetic equator map down to their magnetic foot points
at higher latitudes (e.g., Mendillo and Baumgardner, 1982).
The spectrum of ESF irregularities involves small and large
scales. Small-scale irregularities are related to larger-scale
size structures, although the production mechanism for some
small-scale irregularities is not fully understood. It is often
assumed that a cascade mechanism is responsible for the
smaller-scale irregularities but the exact process is still de-
bated (Woodman, 2009). Another explanation for the small-
scale irregularities may be that the large-scale plumes cre-
ate favorable conditions for small-scale instabilities to form.
Hickey et al. (2015) postulated that the conditions for the
lower hybrid drift instability, which can produce 0.34 m ir-
regularities, and the gradient drift instability, which can pro-
duce 0.34 and 3 m irregularities, are met in certain regions of
the depletions.

The imaging science team at Boston University operates a
network of ASIs that are used for ESF observations in addi-
tion to many other science topics (Martinis et al., 2017). Ob-
servations of depletions with the ASI at the magnetic equa-
tor are the result of bottomside ESF because airglow emis-
sions at 6300 A typically come from an altitude that is about
one neutral scale height (about 50 km) below the peak of the
F layer. This is typically at an altitude of about 250 km a few
hours after sunset at Jicamarca. ASIs at other sites at a simi-
lar longitude that are farther away from the magnetic equator
are able to detect structures that extend into the topside of the
ionosphere. These ASIs observe the footpoints of magnetic
field lines that map to apex altitudes that are higher than the
ASI observations at the magnetic equator (250 km). Bottom-
side ESF structures at Jicamarca do not always evolve into
topside plumes (e.g., Hysell, 2000). In this study we com-
pare observations at the magnetic equator with concurrent
observations at nearby latitudes to investigate the evolution
of bottomside structures to topside depletions.

One of the topics related to ESF that we discuss in this pa-
per is the morphology of bottomside plasma depletions at the
magnetic equator. Specifically, we are interested in measur-
ing the zonal separation of airglow depletions to investigate
how background conditions may modulate ESF. A study by
Tsunoda and White (1981) showed that a 400 km large-scale
wave structure (LSWS) modulated the production of ESF.
They used coherent radar scans and found that ESF plumes
formed at the crests of an LSWS. Since then, other studies
have also found a connection between LSWS and the for-
mation of ESF (e.g., Huang and Kelley, 1996; Narayanan
et al., 2012; Patra et al., 2013; Joshi, 2016). Additionally, the
distance between plasma depletions associated with ESF has
been measured during solar minimum using imagers in Chile
(Makela et al., 2010), Christmas Island, and Brazil (Chapa-
gain et al., 2011). They both measured the spacing between
adjacent plasma depletions and found that the structures were
typically separated by 100—300km. The observations from
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Makela et al. (2010) were interpreted as being the result of
gravity waves but they do not discuss LSWSs.

In addition to studying the modulation of ESF, airglow ob-
servations of the zonal motion of ESF depletions can be used
to infer zonal background plasma drifts. We are able to de-
termine the plasma drifts by tracking the motion of plasma
depletions with time. This is compared with concurrent mea-
surements of the neutral wind using a collocated Fabry—Perot
interferometer (FPI), helping to explain the connection be-
tween ions and neutrals in the upper atmosphere.

Another equatorial phenomenon we discuss in this paper,
the MTM, has been studied directly using a variety of in-
struments such as satellites, incoherent scatter radars (ISR),
and FPIs, (Herrero and Spencer, 1982; Hickey et al., 2014;
Meriwether et al., 2008). At Jicamarca, the ISR has been
used to study the seasonal dependence of the MTM (Bamg-
boye and McClure, 1982) and the MTM has been observed
with FPIs at locations near the magnetic equator (Meriwether
et al., 2008; Fisher et al., 2015). A signature of the MTM,
known as a brightness wave, can be observed using an ASI.
Colerico et al. (1996) reported the first BW detection with
an ASI. A pressure bulge created by the MTM results in a
reversal of meridional neutral wind, and this poleward wind
drags the plasma with it (e.g., Colerico et al., 1996; Akmaev
et al., 2010). Away from the magnetic equator the plasma
moves downward along magnetic field lines as it is dragged
by neutral species. As plasma moves down increased 6300 A
emission moving poleward in the field of view of the ASI is
observed (i.e., a brightness wave). The brightness wave has
been observed away from the magnetic equator at various
latitudes and longitudes (e.g., Colerico et al., 1996; Fesen,
1996; Martinis et al., 2006).

In this paper our primary objective is to use the Jicamarca
ASI and the suite of collocated instruments to explore deple-
tion patterns and morphology and F region dynamics associ-
ated with ESF. In addition, we investigate how topside and
bottomside ESF structures are connected. We also use these
instruments to better understand the connection between the
brightness wave and the MTM.

2 Instrumentation and data

The Boston University ASI was installed at the Jicamarca
Radio Observatory (JRO) in March 2014. In addition to the
large ISR, there is a suite of instruments that includes other
radars, an FPI, a magnetometer, and an ionosonde. The Ji-
camarca ASI takes images with four filters: three narrow
band filters at 5577, 7774, and 6300 A, and a cutoff filter of
> 6950 A. Each filter is used to observe different processes
in the upper atmosphere that produce airglow emissions. Ad-
ditionally there is a filter at 6050 A that has no emission lines
and is used for calibration purposes. The images taken with
this filter are referred to as the background images. Emis-
sions at 6300 and 7774 A are well known to be related to
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ESF plasma signatures (Mendillo et al., 1985). In this work
we focus on 6300 A emission patterns. Emission of 6300 A
is due to a two-step process involving the dissociative recom-
bination of O;‘ and electrons, followed by the de—excitatiogl
of atomic oxygen produced in that process. Thus, 6300 A
emission depends on electron density and the height of the
ionospheric layer, which influences quenching (collisional
de-excitation). Peak emission typically occurs between 250
and 300 km and is limited to a 50 km altitude range. However,
at the magnetic equator, the emission layer can sometimes be
as high as 400 km just after sunset. The other emission used
to study the ionosphere is 7774 A, which is caused by the
radiative recombination of O, and is directly proportional
to total electron content. The majority of 7774 A emission
typically originates in the 300—400 km altitude range.

Two other ASIs, in El Leoncito, Argentina (31.8°S,
69.3° W; 19.6°S MLAT), and Villa de Leyva, Colombia
(5.6°N, 73.52°W; 16.4° N MLAT), are used in this study
to investigate topside plumes. The Villa de Leyva and El
Leoncito ASIs are located such that they are at approximately
magnetic conjugate points. The El Leoncito ASI is also used
in the investigation of the MTM effects. Figure 1 shows the
fields of view of the three ASIs for an 80° zenith angle at
250 km.

The Jicamarca ASI runs every night, except for a few
nights around full moon, from sunset to sunrise. We have 517
nights of data available from 2014 to 2015 during solar max-
imum. The 10.7 cm solar radio flux during this time ranged
from 100 to 150 solar flux units. During 120 nights we were
able to observe plasma depletions associated with bottom-
side ESF. Ten nights showed no ESF depletions and the rest
of the nights are inconclusive about ESF due to cloud cover.
Figure 2 shows an example of raw (left) and unwarped (right)
all-sky images taken at the Jicamarca Radio Observatory on
3 April 2014.

To unwarp the image we assume an emission height of
250 km and use zenith angles between 0 and 80° to determine
the longitude and latitude of each pixel. A geographical map
with longitude and latitude grid lines is overlaid on the im-
age. We subtract the background image from the 6300 Aim-
age, divide by the exposure time, and multiply by a constant
factor to determine the emission in rayleighs (Baumgardner
et al., 2008). We remove the stars from the images using an
algorithm that replaces brighter pixels with the median of the
surrounding pixels. The plasma depletions in the raw images
are curved and extend from north to south, covering the entire
field of view. In the unwarped images the plasma depletions
are visible as mostly straight bands that are aligned in the
N-S direction.

Collocated with the Jicamarca ASI, an FPI is used to
measure neutral winds and temperatures. The FPI uses the
Doppler shift and Doppler width of the 6300 A emission to
determine these parameters (Meriwether et al., 2008).

In addition to the optical instruments, we use the radar at
Jicamarca in two different modes. We use the ISR mode and a

www.ann-geophys.net/36/473/2018/

475

20°S

1000 km

40°S

90°W 75°W 60°W

Figure 1. A map of western South America showing the location of
the Villa de Leyva (top), Jicamarca (middle), and El Leoncito (bot-
tom) ASIs as red dots. The red circles around the dots are the fields
of view for an airglow layer at 250km and a zenith angle of 80°.
The red triangle in the Villa de Leyva field of view is the conjugate
location of the El Leoncito ASI. The red triangle in the El Leoncito
field of view is the conjugate location of the Villa de Leyva ASIL.
The blue dotted line is the magnetic equator and the solid blue lines
are lines of constant magnetic apex altitude.

configuration known as the Jicamarca Unattended Long-term
Investigations of the Ionosphere and Atmosphere (JULIA).
They both operate at 50 MHz. The ISR mode is used to mea-
sure ion and electron temperatures, electron densities, and
line-of-sight velocities. The JULIA mode detects small-scale
irregularities. In this mode the radar detects coherent echoes
from density irregularities that are half the wavelength of the
radar (3 m), i.e., JULIA detects ESF by measuring the signal-
to-noise ratio of the coherent scatter from small-scale plasma
density fluctuations.

On nights when the ISR mode of the Jicamarca main array
is running, such as the night presented in Fig. 2, we can use
it to measure electron density, ion temperature, and electron
temperature at multiple altitudes concurrently. These mea-
surements are used to compare with and add context to the
ASI observations. This radar mode uses much more power
than the JULIA mode and thus is not run as frequently. Fig-
ure 3 shows a range—time—intensity (RTI) plot from the ISR,
where intensity depicts electron density, on 3 April 2014,
a night when many depletions were observed with the Ji-
camarca ASI. The F region of the ionosphere is visible as
the red region. The peak of the F region is above 500 km at
the beginning of the night and then moves down to 300 km.
The brightness of an ASI image is mostly determined by the
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Figure 2. (a) A raw image at 05:18 UT on 3 April 2014 from the Jicamarca ASI. The exposure time is 120s and the image was obtained
using a 6300 A filter. Clouds are visible on the left edge of the image. (b) The unwarped image. The top of the image is north and the left of
the image is west. The western coast of South America is seen as a black line and the location of the ASI is marked with a small black cross.
The dotted lines are geographic latitudes and longitudes. Latitude and longitude are determined for each pixel, and the image is transferred
to a map projection. The grayscale shows the brightness in rayleighs. Clouds low on the horizon are now more prominent in the unwarped

image. They also contain dark areas due to background subtraction.
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Figure 3. A range—time—intensity (RTI) plot from 3 April 2014
showing electron density as a function of altitude and Universal
Time. The highest density region that moves down through the night
is the F layer. Regions of low density associated with depletions are
seen beginning just before 03:00 UT.

height and density of the F region, which the ISR measures.
Similar RTT plots can be made for ion and electron tempera-
tures that are used for analysis of and comparison with ASI
images.

We also have concurrent measurements of ESF at Jica-
marca with the ASI and the JULIA mode of the main array.
Typically, the coherent and incoherent radar modes do not
operate at the same time so we only compare with one of each
on a given night. On 29 October 2014 both the JULIA mode
and the ASI detected features associated with ESF. Figure 4
shows an RTI plot from the JULIA mode. Here, the inten-
sity shows the signal-to-noise ratio of backscatter from 3 m
irregularities as they pass over the radar. Figure 4 should not
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be interpreted as a two-dimensional spatial representation of
ESF. These features evolve as they drift past the radar (Hysell
and Burcham, 2002). Figure 4 is useful for determining when
and where irregularities occur above the radar. From around
01:00 to 02:00 UT there are bottom-type radar echoes and
after that bottomside and topside echoes appear. The topside
irregularities reach almost 800 km. After about 05:00 UT no
strong irregularities are observed.

This combination of instruments at Jicamarca provides a
unique opportunity for measuring features associated with
ESE. We are able to compare the large-scale features with
the small-scale irregularities during concurrent observations
with the ASI and JULIA radar mode. When the ISR is run-
ning we are able to measure the ionospheric parameters to
remove ambiguities in the ASI observations.

3 Airglow and ionospheric processes

In this section we discuss ASI observations of phenomena
in the Earth’s ionosphere, focusing on ESF. We start by dis-
cussing observations at the magnetic equator. At the end of
this section we transition to observations related to higher
latitudes, though still in the low-latitude region.

3.1 Airglow brightness at the magnetic equator

We initiate the discussion by performing a detailed analysis
of airglow brightness at the magnetic equator. The airglow
emission is a measure of the number of photons emitted by
the upper atmosphere. An absolute calibration of this allows
for a more detailed analysis of the images because the bright-
ness can be directly related to the atmospheric parameters.
Although operating an ASI at Jicamarca has the advantage of
being collocated with many instruments, the magnetic field
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Figure 4. A range—time—intensity plot from 29 October 2014 show-
ing signal-to-noise in decibels as a function of altitude and Univer-
sal Time. During this night bottom-type, bottomside, and topside
ESF irregularities are visible.

orientation at the magnetic equator that supports the creation
of ESF also complicates ASI observations. The intensity of
the airglow emission depends on the plasma density and its
altitude distribution. If the peak of electron density occurs at
a high altitude, higher than 350 km for most cases, then the
airglow emission at 6300 A is weak. Just after sunset at the
magnetic equator there is a large upward E x B drift due to
an enhancement in the eastward zonal electric field known as
the pre-reversal enhancement (e.g., Fesen et al., 2000). This
upward drift raises the F layer early in the night; during this
time it is difficult to observe with the ASI due to decreased
production of 6300 A emission. We show in Fig. 5a the mea-
surement of brightness (in rayleighs) at zenith from the ASI
throughout the night of 3 April 2014. The values are an av-
erage from a 16 x 16 pixel (corresponding to a spatial area
of about 70km x 70km) box centered at zenith in the un-
warped images. The error bars are the standard deviation in
this measurement. Additionally, by testing the imagers that
we operate we have determined that there is a calibration un-
certainty of about 20 %. No data are available between 00:00
and 01:00 UT due to cloudy conditions. Missing data later in
the night are also due to clouds.

From 00:00 to 02:00 UT the brightness is low but then in-
creases to reach a peak around 05:00 UT. After this time the
brightness decreases until the end of the night. The shorter
timescale decreases in brightness, at 04:00 UT for example,
are due to ESF depletions passing through zenith.

An airglow model developed at BU is used to obtain the
absolute emission in rayleighs and height of the 6300 A emis-
sion (Semeter et al., 1996). The model uses electron den-
sity, electron temperature, ion temperature, O, density, Nj
density, O density, and neutral temperature profiles as in-
puts. The neutral inputs come from the NRLMSISE-00 at-
mosphere model (Picone et al., 2002). The ionospheric in-
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Figure 5. (a) 6300 A emission at zenith on 3 April 2014 as a func-
tion of Universal Time. Brightness values are in rayleighs. Episodic
decreases in brightness at 04:00 UT and later are due to depletions
passing through the field of view. (b) A model output from the BU
airglow model showing brightness in rayleighs as a function of Uni-
versal Time. The dotted line uses IRI-2012 for values of electron
density and plasma temperature, and the solid line uses data mea-
sured by the ISR at the Jicamarca Radio Observatory. The vertical
axis is a different scale for the top and middle. (c) Altitude of peak
emission as a function Universal Time also from the BU airglow
model. The solid line uses data measured by the ISR at the Jica-
marca Radio Observatory. The dotted line uses IRI for values of
electron density and plasma temperature.

puts come from the International Reference Ionosphere (IRI-
2012) model (Bilitza, 2015) or from ISR data when avail-
able. For the night of 3 April 2014, presented in Fig. 5, the
ISR was running so we are able to run the model using radar
data. Results from this model are shown in Fig. 5b. The blue
solid line is obtained when using ISR data. We also show
outputs using IRI-2012 (blue dashed line) to see how they
compare. Figure 5c shows peak emission altitudes. The red
dotted line indicates model results using inputs from IRI and
the red solid line is the result using data from ISR. The ISR
electron densities used in the model were shown in Fig. 3.
Early in the night, both model outputs show a trend that is
similar to the measured brightness, although the IRI version
has a greater emission. During this same time the IRI altitude
of emission is lower than the ISR altitude of emission. The
IRI model emission stays high later in the night while the
measured and ISR version decrease. It is not surprising that
the results using IRI-2012 are not as accurate as the ones
using ISR because it is an empirical model of climatology.
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The overall trend of the modeled airglow using ISR data
is very similar to the measured airglow emission, which
means that it is mostly the variation in electron density that
drives the changes in airglow emission. Additionally, the
model using ISR data reproduces certain features such as
the local maxima around 05:00 UT and the large depletion
at 04:00 UT. There are some increases in brightness from the
model result that are not seen in the measured airglow, such
as the peak at 02:30 UT. From Fig. 3 we see that this occurs
in a region where there is a sharp gradient in electron den-
sity. The lower-density region that is causing this gradient
is a plasma depletion. Sharp gradients produced by ESF de-
pletions can impact the ISR measurements and are an extra
source of error during these times.

We use ISR density measurements to determine what
causes the airglow emission to vary. Early in the night the
F layer is very high in altitude with the peak density be-
ing higher than 500km (Fig. 3), which causes weak 6300 A
emission. As the night progresses the layer moves down and
the brightness increases. The peak emission during the night
occurs when the F layer has moved down to low altitude but
still has a similar peak density. After this the electron density
decreases and the emission in both the images and the mod-
els decreases. Thus, it is clear that the electron density is the
major driver of airglow variation.

The measured airglow is much greater than the modeled
airglow, even when accounting for up to 20 % error in cali-
bration. We use measured electron density from the ISR as
an input so it is unlikely that electron density is the reason
for the discrepancy. Since the BU airglow model also uses
neutral density, it relies on the accuracy of NRLMSISE-00.
One way to match the model to the observations is to in-
crease O by a factor of 3. While the neutral density may play
some role in the discrepancy, we do not believe it is the main
factor. We believe that scattered light from the surrounding
area, Lima, created the excess airglow. We examined other
cases and found that when fog and low clouds block the light
from Lima, the measured results are closer to the modeled re-
sults. We did this same analysis at El Leoncito, where there
is minimal contamination from city lights, and found that the
model results were typically within the calibration error of
20 % of the measured values. Although the measured airglow
at Jicamarca may not be accurate in its absolute intensity, we
identified depletions and measured their movement and mor-
phology. The airglow model allows us to better determine the
altitude of emission when measuring these characteristics.

3.2 Depletion patterns and morphology

ASI images that contain multiple airglow depletions associ-
ated with ESF can be analyzed to characterize their spatial
morphology. We measure the distance between depletions
and between groups of depletions to investigate the presence
of LSWS:s.
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ESF depletions are visible at Jicamarca during most of
the clear nights. Out of the 517 nights, 387 nights were too
cloudy to make a conclusion about the presence of ESF. Out
of the remaining 130 clear nights, depletions were observed
in 120. In only 10 nights were ESF structures not observed
at Jicamarca. The identification of airglow depletions associ-
ated with ESF is relatively straightforward as they are bands
of lower intensity that extend from north to south. It is pos-
sible that undulations in the bottomside could create simi-
lar airglow structuring, but in general we can distinguish be-
tween ESF related structures and other perturbations. Deple-
tions associated with ESF at Jicamarca tend to travel east-
ward and have a well-defined band structure that curves to
the west away from zenith. We do not expect other undu-
lations to move in the same way and have the same extent
and shape in the field of view. Precursors to post-midnight
ESF as described in Rodrigues et al. (2018) show airglow
structures that are not associated with ESF and are likely
due to LSWS. Equatorial spread F structures tend to move
with regular motion eastward and the precursors Rodrigues
et al. (2018) had very little motion, often staying in the same
location for multiple images. In the analysis here the struc-
tures are observed over multiple images and we wait until
the structures are fully formed to measure their properties,
so we do not think that ESF precursors impact our analysis.
From our observations, depletions occur just after sunset and
in some cases just before sunrise. In almost all cases the de-
pletions tend to come in groups. We measured the smaller
distance between the depletions within the groups and mea-
sured the distance between the groups. The distance between
depletions was taken to be the distance from the center of
one depletion to another. To determine the distance between
groups, we locate the center of a group and measure the
distance to the next group. The center of the group is the
midpoint between the outermost depletions. An example of
the grouping is shown in Fig. 6. In this example, there are
two groups of depletions with a group-to-group separation of
~ 320 km. The distance between the depletions (marked by
blue arrows) in this example ranges from 50 to 110 km. Anal-
ysis of all the nights in our sample showed that there were
typically close groups of two to four depletions separated by
~50-100 km. The group-to-group separation was typically
between 400 and 500 km. Consecutive depletions that were
closer than 300 km were considered to be in the same group.
We found no seasonal variation in the separation distance,
number of depletions in the groups, or grouping distance.

Previous studies using ASI that measured the distance
between depletions, discussed in Sect. 1, did not measure
or discuss any group distances. They found that the struc-
tures were typically separated by 100-300km. Therefore,
our analysis of the Jicamarca ASI images is the first of its
kind. Another difference between these results and the pre-
vious studies is that our observations are during solar max-
imum (F10.7 ~ 100-150 sfu), while the other studies were
done during two different solar minimums. The observa-
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Figure 6. An example from 3 April 2014 of how depletion sepa-
ration is measured. Panel (a) is an unwarped ASI image with two
groups of depletions visible. Panel (b) shows brightness at a line
of constant latitude that passes through zenith. The red dotted lines
show the four lines of longitude from the image and the center of
the image where the ASI is located. The blue arrows show the loca-
tions of the depletions. The distance between the depletion groups
is shown in red at the top of the image. The center of these groups
are marked by the edges of the red line.

tions in Makela et al. (2010) were taken from 2006 to 2009
(F10.7~70 sfu), and the Chapagain et al. (2011) observa-
tions were done in 1995 (F10.7 &~ 80 sfu).

The separation of the groupings in our observations indi-
cates that an LSWS on the order of 400-500 km may be mod-
ulating the formation of ESF depletions, causing them to ap-
pear in groups. This is consistent with the study from Tsun-
oda and White (1981), where it was noted that ESF plumes
were forming at the crest of LSWS where the F layer had
moved up. The rising of the F layer around sunset, due to the
pre-reversal enhancement, is understood to play an important
role in the formation of ESF. It has also been shown that even
a small rise later in the night can increase the likelihood of
ESF (Ajith et al., 2016). An LSWS could provide the small
rise, creating the groups of depletions.

Occasionally separations much larger than 500 km (e.g.,
1000 km or more) were observed. For these cases it seems
more likely that something other than an LSWS is causing
this modulation. It is possible that other dynamics are caus-
ing the F layer to rise or there is some other variation affect-
ing the growth rate. It is interesting to note that we only ob-
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serve bottomside structures in this study and for most cases
we are not able to determine if they are forming topside
plumes. Tsunoda and White (1981) looked at the modula-
tion of plumes that formed from bottomside ESF. Our results
indicate that these waves not only modulate the creation of
topside plumes but also modulate the bottomside structures
that do not form plumes.

3.3 Coherent scatter radar and ASI comparison

We use the JULIA mode of the radar to compare the
small-scale irregularities with large-scale depletions. Fig-
ure 7 shows three ASI difference images from the same night
as Fig. 4. The difference images are created using two con-
secutive images and subtracting the earlier image from the
later image. This makes faint features easier to detect. The
difference image in Fig. 7a is from 03:36 UT, about 3 h after
sunset (LT = UT — 5), and faint depletions are visible only at
the top of the image due to very weak emission. Figure 7b
shows a difference image at 04:31 UT. A depletion is visible
through much of the image as the overall 6300 A emission in-
creases. Figure 7c shows an image from 09:08 UT; here the
emission is greater and three depletions extending from north
to south are visible.

For this night we can directly observe that there are con-
current airglow depletions and small-scale irregularities, but
recently Rodrigues et al. (2018) showed that airglow signa-
tures can occur before post-midnight irregularities. In the
ASI images from this night, depletions in the entire field
of view are only visible after 04:00 UT yet there are large
plumes of irregularities visible in the RTI plots earlier. Al-
though low emission early in the night leads to difficult ob-
serving conditions at zenith in the ASI images, sometimes
ESF depletions can be seen near the edge of the images away
from the magnetic equator. The rising of the F layer is most
prominent at the center of the image, which is at the mag-
netic equator. At the edges of the image, the layer might not
move up much. Additionally, the fountain effect that creates
the crests of equatorial ionization anomaly (EIA) may be re-
distributing some of the plasma from the magnetic equator
to the edge of the images. Both of these factors can lead to
features being visible on the edge of the images early in the
night when no depletions are visible at the center. On this
night, edge features are visible as early as 03:36 UT, as seen
in Fig. 7, but the RTI shows irregularities starting prior to
01:00 UT. The airglow emission is too faint to observe the
large-scale structures associated with the irregularities visi-
ble early in the night.

The rising of the F layer that decreases airglow plays an
important role in the generation of ESF. The formation of
ESF is due to the generalized Rayleigh—Taylor instability and
the instability growth rate is shown in Sultan (1996). As the
F layer rises the growth rate of the generalized Rayleigh—
Taylor instability increases, mainly due to three terms in the
growth rate equation. First, an upward plasma drift increases
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Figure 7. Three unwarped difference images from 29 October 2014. These images show the difference between two consecutive images by
subtracting the earlier image from the later image. These images are then scaled to their average value in order to show increase and decrease
as a percent. Red is positive, black is negative, white shows no difference, and the color scale shows the difference values in percent. This
technique brings out details that may not be as clear in images like Fig. 2. Airglow depletions in these images are visible as alternating
red and black regions. The depletions move between images so subtracting the earlier image from the later image means that both positive
and negative values can indicate depletions. Positive values indicate the western edge of depletions in the earlier image and negative values
indicate the eastern edge of depletions in the later image. Values close to zero between red and black regions are where the depletions overlap.
Coordinates show geographic latitude and longitude. The plus sign in (b) is the location of the ASI. The black line shows the western coast
of Peru. (a) Unwarped image 03:36 UT (LT =UT — 5). Clouds are responsible for the black patches to the west of —80°. Depletions are
visible at the northern edge of the image. (b) Unwarped image at 04:31 UT. The red band around —77° and adjacent darker regions show the
presence of a depletion extending from the north down past zenith. (¢) Unwarped image at 09:08 UT. Three depletions are visible between

—80 and —75° longitude.

the growth rate. The other two terms are related to a decrease
in background neutral density at higher altitudes. This low-
ers both the collision frequency and the recombination rate.
A larger growth rate means that bottomside ESF is more
likely to form. As a result, most ESF at Jicamarca occurs dur-
ing post-sunset hours. Although it is challenging to observe
depletions associated with ESF early in the night with the
ASI, irregularities associated with ESF are easily observed
with coherent scatter radar using the JULIA mode. Using this
mode the irregularities associated with ESF are observed be-
fore they are visible in the ASI.

3.4 Higher-latitude ESF effects

ASI depletions observed at low latitudes can be related to
ESF structures observed at the magnetic equator. In addi-
tion to using the Jicamarca ASI to observe bottomside de-
pletions, we use the El Leoncito and Villa de Leyva ASIs to
observe topside depletions. On 29 October 2014, the night
with data shown in Figs. 4 and 7, the El Leoncito and Villa
de Leyva ASIs also detected airglow depletions. Images from
El Leoncito on this night are shown in Fig. 8. At 03:31 UT
there is a large depletion at around —75° longitude that ex-
tends from the top to the middle of the image. Due to its
higher latitude, these depletions are topside plumes that have
apex altitudes above 1100 km. This same depletion is located
in the center of the images taken around 04:30 UT. Figure 9
shows images from the Villa de Leyva, Jicamarca, and El
Leoncito ASIs from that same night at 04:52 UT. At Villa de
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Leyva there were clouds during most of the night, some of
which are present in this image, but we are still able to de-
termine the presence of airglow depletions. Two depletions
are visible between —75 and —70° longitude, extending from
the bottom of the image to 700 and 900 km magnetic apex
altitude. They are marked by red and blue arrows. At the
same time these structures have conjugate depletions at El
Leoncito. At Villa de Leyva the depletions extend from the
southern edge of the image to the north while those at El
Leoncito extend from the northern edge of the image to the
south because they are flux-tube aligned with vertical struc-
tures at the magnetic equator. There are also clouds in the
field of view of the El Leoncito image (creating the dark hor-
izontal bands around 700 km magnetic apex) but a depletion
is visible at about —68° longitude, marked by a red arrow,
which is the conjugate depletion of the one at Villa de Leyva
around —70° longitude, also marked by a red arrow. Another
depletion is just barely visible at El Leoncito around —71°,
marked by a blue arrow, which is conjugate to the depletion
around —74°, marked by a blue arrow. Low emission at Ji-
camarca makes it difficult to observe but there is a depletion
near zenith, marked by a green arrow.

Although early in the night at Jicamarca we only see deple-
tions at the edge of the ASI images, we can see a large-scale
depletion at 03:33 UT with the El Leoncito ASI (Fig. 8). This
depletion is about 3° to the east of the Jicamarca radar. We
determine that this depletion is associated with the largest ir-
regularity plume observed with the JULIA mode of the radar
(Fig. 4). This irregularity plume occurs just before 03:00 UT
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Figure 8. Unwarped images from the El Leoncito ASI on 29 October 2014. Row (a) shows 6300 A images and row (b) shows corresponding
7774 A images. Dotted lines represent geographic latitude and longitude. The plus sign in the middle is the location of the ASI. The map
shows the coasts of South America. Lines of constant magnetic apex altitude are shown from 500 to 1100 km. Depletions are visible extending
from the north to zenith. The bright band visible in the north in the earlier images is the crest of the equatorial ionization anomaly. At 08:39 UT

the 6300 A emission is much greater due to the presence of a BW.

and irregularities are visible up to 800 km in altitude. The
depletion has an apex altitude greater than 1100 km, which is
beyond the maximum altitude of the JULIA mode, but from
700 to 800 km only relatively weak echoes are observed. At
04:30 UT depletions just start to appear in the field of view
of the El Leoncito ASI (Fig. 8). At 04:52 UT there are deple-
tions visible at Villa de Leyva and El Leoncito (Fig. 9) when
the airglow is still weak at Jicamarca and depletions are still
only faintly visible. These depletions are associated with a
plume of irregularities visible just before 05:00 UT (Fig. 4).
In Fig. 9 the plumes extend to 1100 km in apex altitude but
irregularities are only observed up to 650 km with the JULIA
mode. Similar to the comparison at an earlier time, strong ir-
regularities are not observed throughout the entire depletion.

The El Leoncito ASI also provides information about the
EIA that redistributes low-latitude plasma, decreasing the
6300 A emission at the magnetic equator. In Fig. 8 the 7774 A
images show the location of the southern crest of the anomaly
early in the night. The crest of the anomaly is identified as the
bright band at the top of the images around 25° S at 03:33
and 04:29 UT. From 03:33 to 04:29 the crest moves toward
the Equator and the emission at 7774 and 6300 A decreases.
This indicates that the plasma is moving back to the mag-
netic equator. The strong EIA crest early explains why the
emission is weak at the magnetic equator, and why, as it di-
minishes, the emission at the magnetic equator increases. At
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the end of the night, the EIA crest is no longer visible at El
Leoncito because the plasma that formed the crest has moved
back to the magnetic equator.

Later in the night we can detect depletions with the Ji-
camarca and El Leoncito ASIs that are not observed with
the JULIA radar. These are “fossilized” depletions that were
not formed over the radar and enter the field of view fully
formed so the small-scale irregularities have dissipated. Fig-
ure 7 shows depletions at 09:08 UT on 29 October 2014 ob-
served with the Jicamarca ASI and Fig. 8 shows depletions
at 08:39 UT on the same night observed with the El Leoncito
ASI. Figure 4 shows that no small-scale irregularities are ob-
served after 08:00 UT. In addition to comparisons when fea-
tures are visible with both instruments, these two instruments
complement each other by providing information when one
system does not detect ESF features.

In RTI plots there is often a disruption in bottomside ir-
regularities when topside plumes are visible (e.g., Hysell and
Burcham, 2002). In Fig. 4 this can be seen at 03:00 UT as the
bottom-side irregularities are no longer visible and a large
plume has risen to the topside. To complement this we com-
pare observations of bottomside airglow depletions at Jica-
marca with topside airglow depletions at El Leoncito. Fig-
ure 10 shows concurrent images from 3 April 2014, where
bottomside depletions are visible at Jicamarca and topside
depletions are visible at El Leoncito. We see that although
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Figure 9. Three unwarped images from the Villa de Leyva (a),
Jicamarca (b), and El Leoncito (¢) ASIs on 29 October 2014 at
04:52 UT. Dotted lines represent geographic latitude and longitude.
The plus sign in the middle of each image is the location of the ASI.
The map shows the coasts of South America. Lines of constant mag-
netic apex altitude are shown from 500 to 1100 km. Clouds cover
a lot of the Villa de Leyva image but two depletions are visible
between —75 and —70° longitude, extending to 700 and 1100 km
magnetic apex altitude. One is marked by a blue arrow and one with
ared arrow. These depletions are also visible in the El Leoncito im-
age but clouds are also in the field of view. The blue arrow at El
Leoncito marks the depletion associated with the blue arrow at Villa
de Leyva. The red arrow at El Leoncito marks the depletion asso-
ciated with the red arrow at Villa de Leyva. At Jicamarca there is
one depletion that is barely visible near zenith, marked with a green
arrow.

there is a group of depletions visible at Jicamarca, we only
observe one topside plume. We are unable to determine
which bottomside depletion becomes a topside plume or if
the bottomside features merged to form one plume since the
topside plume is as wide as the group of depletions. Equato-
rial spread F plumes are not expected to have the same width
at all altitudes and can be wider at higher altitudes (e.g., Ret-
terer, 2010). We have looked at other cases and have found
that we only observe one topside plume associated with a
group of bottomside depletions. Another possibility is that
the bottomside depletions evolved into plumes that merged
(e.g., Huang et al., 2012). We were not able to find any sig-
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Figure 10. Unwarped images from Jicamarca and El Leoncito on
3 April 2014. The Jicamarca image is at 04:15UT and the El
Leoncito image is at 04:18 UT. At Jicamarca bottomside depletions
are visible and at El Leoncito topside plumes are visible. The mag-
netic equator is shown passing through the Jicamarca ASI field of
view and lines of magnetic latitude at 10 and 20° are shown as well.
The two images do not have the same color scale in order to make
the features more clearly visible.

nificant differences between bottomside depletions (e.g., rel-
ative brightness of the depletion compared to the background
or its width) that form plumes and those that do not.

4 ASI and the neutral atmosphere discussion

In this section we discuss phenomena related to the neutral
atmosphere that we can investigate using ASIs. We discuss
neutral winds in the thermosphere and the MTM.

4.1 Airglow and thermospheric processes

An FPI at Jicamarca is used to measure neutral winds and
temperatures. Zonal neutral winds are related to the motion
of plasma through the F region dynamo. The neutral tem-
peratures measured by the FPI are also used to detect and
measure the MTM.

The zonal motion of the depletions across the field of view
of the ASI can be used to investigate the zonal plasma drifts
at the magnetic equator. At night the zonal plasma drifts are
driven mostly by the neutral winds through the F region dy-
namo (Rishbeth, 1971). We measure the neutral winds with
an FPI and the plasma drifts inferred from the depletion mo-
tion to make a comparison. There are various ways to de-
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Figure 11. Zonal neutral winds (blue) and zonal plasma drifts
(green) on 3 April 2014 at Jicamarca. Zonal wind speeds are deter-
mined by an FPI and plasma drifts are determined from depletion
velocities.

termine plasma motion from ASI images (Chapagain et al.,
2013; Makela and Kelley, 2003), but here we track a deple-
tion through a series of images and from that we determine a
zonal drift. We present a case study from 3 April 2014, where
we have about 3 h of concurrent measurements from the FPI
and ASI at the Jicamarca Radio Observatory. We determine
the location of the minimum of the depletion and track it as
it moves through the field of view. Figure 11 shows the com-
parison between the zonal plasma drifts derived from the ASI
and the zonal winds measured by the FPI.

The plasma drifts show a similar trend as the FPI neutral
winds with an overall reduction in magnitude after 03:00 UT.
The velocity of the depletions is higher than the velocity of
the neutrals. We consider potential errors in the determina-
tion of the depletion velocities that could affect the abso-
lute magnitude of the drifts. Images were unwarped assum-
ing an altitude of 250 km. A 50 km difference would modify
the zonal drift calculation by ~ 15 %. From Fig. 5 the calcu-
lated height is greater than 250 km from 03:00 to 04:00 UT,
so the drifts would be larger than the ones shown in Fig. 11.
At 04:00 UT the modeled altitude of emission is most likely
lower than reality because of a depletion that causes the elec-
tron density in the ISR data to be lower than the background.
After 04:00 UT the height is closer to 250 km, but is slightly
lower. Thus, we may be underestimating the zonal plasma
velocity earlier in the night and overestimating it later in the
night. In addition to the error from the uncertainty in altitude
there is also the associated error from determining the cen-
ter of the depletion and from the fact that depletions tend to
evolve as they pass through the field of view. These errors
have been accounted for in the error bars in Fig. 11.

Chapagain et al. (2013) did a comprehensive study in
Brazil comparing depletion velocities to neutral winds from
FPIs. They found that during most nights the velocities
matched, but there were some cases where they did not. Dur-
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ing some nights the depletion velocities were slower than the
neutral winds and during other nights the depletions veloc-
ities were faster. If the plasma depletions match the neutral
winds, then the F region dynamo is fully active.

In order to understand the results from Fig. 11 we refer to
Eq. (1) from Martinis et al. (2003) that shows the different
quantities that determine the zonal drift velocity.

Vo= ;Z——PVL—— (1)

Vs and Vj, are the zonal and vertical plasma drifts, Ug is
the Pedersen conductivity-weighted neutral zonal wind, Jy,
is the integrated vertical current density, and Xp and Xy
are the field-line-integrated Pedersen and Hall conductivi-
ties. The plasma drift, Vi, is typically equal to U, ql; , mean-

ing that the F region dynamo drives the plasma motion. U g
creates a vertical electric field and contributes to plasma mo-
tion through an E x B drift. The other terms make minor
adjustments to V. A fully operating F region dynamo means
that the plasma drifts are equal to the first term on the right
hand side. If the depletions move slower than the neutral ve-
locity then upward vertical plasma drifts or vertical current
density may cause this difference. If the depletion velocity
is faster than the neutral winds then one of the terms on the
right side of Eq. (1) may be responsible for this. The deple-
tion velocity measurements made by Chapagain et al. (2013)
were not at the magnetic equator so the depletion veloci-
ties were associated with higher altitudes than where the FPI
measurements are made, which were not collocated and were
closer to the magnetic equator. Neutral winds may be greater
at these higher altitudes and could explain why they mea-
sured faster plasma drifts. The ASI and FPI that we use are
collocated so there is no difference in altitude in our mea-
surements. The vertical plasma drift term on the right side
of Eq. (1) can increase the zonal drift velocity if there is a
downward plasma motion. The ISR measurements in Fig. 3
show that there is a downward motion of the plasma during
the times when zonal plasma drifts are faster than the neu-
tral winds. This is a likely explanation for the difference in
velocities earlier in the night.

Another prevalent low-latitude neutral process that we ob-
serve is the MTM, an increase in temperature (neutral, ion,
and electron) near local midnight. Figure 12 shows neutral
and ion temperature at an altitude of 250 km on 4 April 2014.
Although we only present one altitude from the ISR mea-
surements, the MTM occurs at multiple altitudes (Martinis
et al., 2013; Hickey et al., 2014). The temperature increase
begins just before 05:00 UT and the peak of the temperature
increase is just after 06:00 UT (LT = UT — 5). The local max-
imum in temperature that is measured by both instruments is
the MTM. There is very good agreement between the two
measurements meaning that the ion temperature is equal to
the neutral temperature, as previously shown by Hickey et al.
(2014). The magnitude of the ion and neutral temperature in-
creases are between 50 and 100 K. These observations are
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Figure 12. An MTM observed on 4 April 2014. Blue dots show
the ion temperatures as measured by the ISR. Green points are the
neutral temperatures measured by the FPI. The peak of the MTM
occurs between 06:00 and 06:30 UT (01:00 and 01:30LT).

compared with higher-latitude ASI observations in the next
section to constrain the morphology of the MTM.

4.2 Higher-latitude MTM effects

At mid-latitudes, the effects of the MTM can be observed
by an ASI as an increase in brightness that travels poleward.
There was no BW associated with the MTM in Fig. 12 in the
ASI images at Jicamarca. The magnetic field lines are mostly
horizontal throughout the entire field of view of the ASI so
the winds associated with the MTM would not be able to
move the plasma downward enough to increase the airglow
emission.

On 4 April 2014, the same night as in Fig. 12, we ob-
served a BW with the ASI at El Leoncito. Figure 13 shows
the brightness calculated from a 16 x 16 pixel box at zenith.
In contrast to Fig. 5, which shows very weak airglow at Ji-
camarca early in the night, at El Leoncito the emission is
greater early in the night and decreases throughout the night.
This is partially due to the fact that the rising of the F layer
early in the night at Jicamarca, the source of the equatorial
fountain effect, moves the plasma toward El Leoncito, in-
creasing the airglow emission. Additionally, since the F layer
does not rise in altitude at El Leoncito, the altitude of the
plasma creates greater emission. As the night goes on, re-
combination leads to a decrease in the ionosphere, thus de-
creasing the emission at El Leoncito. At around 06:30 UT the
brightness begins to increase until it reaches a peak just af-
ter 08:00 UT. This increase in brightness is what we define
as a BW and associate with the MTM. The BW has an ap-
parent propagation from the northeast to the southwest in the
ASI images. This is evident in the video clip shown in the
Supplement.

If we assume that the MTM propagates from Jicamarca to
El Leoncito, then we can determine the propagation speed.
The time delay between the peak of the MTM and the peak
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Figure 13. Measurement of brightness in rayleighs measured
at zenith with the El Leoncito ASI throughout the night on
4 April 2014. Earlier in the night, in contrast to Jicamarca ASI ob-
servations, there is the typical decrease in brightness as the iono-
sphere decays. The increase in brightness later in the night, with a
peak at about 08:00 UT, is a brightness wave.

of the brightness wave is approximately 2 h, resulting in a
speed of about 330 ms~!. This is consistent with the result of
a phase velocity of the BW of 200-400ms~! from Colerico
et al. (2006), but the Jicamarca ASI is located almost 8° to the
west of El Leoncito, so if the source of the brightness wave
was the MTM at Jicamarca, it would not propagate from the
northeast to the southwest as is observed. The MTM occurs
over a wide range of longitudes (Herrero and Spencer, 1982)
and no dependence on longitude has been observed (Spencer
et al., 1979); i.e., the MTM occurs near local midnight at all
longitudes and thus follows the apparent motion of the Sun
(Meriwether et al., 2013; Colerico et al., 1996). From this
we expect that at an earlier UT an MTM should occur to
the east of Jicamarca. We use the velocity of the brightness
wave to determine where the source MTM should be located.
The apparent meridional velocity of the brightness waves is
280ms~!. This is calculated by using the distance that the
peak of brightness wave travels from the northern edge of the
image to the southern edge of the image and the time it takes
for it to travel that distance. At this speed it would take about
2 h to travel from the latitude of Jicamarca (11.95°S) to El
Leoncito (31.8°S) along a constant longitude. The Earth is
rotating beneath the MTM so during this time the MTM will
be traveling to the west with the speed of the Earth’s rota-
tion. With this speed, we find that it would have originated
from 38.1° W at about 06:00 UT. This is the same time that
the MTM is observed at Jicamarca. Given that the MTM fol-
lows the apparent motion of the Sun, at approximately the
anti-solar point, we do not expect that it should occur at the
same UT at two locations separated by 38.8° of longitude.
The timing of the MTM at Jicamarca leads us to expect an
MTM at around 03:40 UT at 38.1° W, over 2 h earlier than is
expected from the brightness wave observations. Our obser-
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vations are not consistent with an MTM propagating south
from a lower latitude.

We present another explanation for the time delay between
the observation of the MTM at Jicamarca and the BW occur-
rence at El Leoncito, based on global model results of the
MTM. Akmaev et al. (2009) used a whole atmosphere model
(WAM) to reproduce the MTM that shows an apparent pole-
ward motion due to its morphology. The simulated MTM
occurs over a range of latitudes and longitudes such that
it makes a sideways “V” shape in longitude—latitude space,
consistent with results from Herrero and Spencer (1982). The
vertex of the V is located close to the Equator and is oriented
so that the two end points of the V are to the east. The whole
structure migrates westward following the apparent motion
of the Sun. As a result the MTM occurs earliest at the vertex
of the V, near the Equator, and occurs later at higher latitudes.
WAM outputs are consistent with our result that the MTM
occurs first at Jicamarca and that the BW at El Leoncito ap-
pears to propagate to the southwest.

5 Conclusions

In this paper we have shown results from an ASI installed
at Jicamarca and collocated instruments. Two ASIs at higher
latitudes were also used. Using a 6300 A filter we are able to
observe plasma depletions associated with ESF and a bright-
ness wave associated with the MTM. We investigated several
aspects of thermosphere—ionosphere dynamics near the mag-
netic equator and at low latitudes. We have summarized our
results in the following points:

1. We compared small-scale coherent radar echoes with
large-scale depletions, showing that early in the night
when the airglow emission is weak only the radar is
able to detect irregularities with 3 m scale sizes. The Fl
Leoncito ASI is at a site with stronger airglow in this
period and is able to detect depletions associated with
these irregularities. Groups of depletions tend to form
only one topside plume and there is no difference be-
tween bottomside depletions that form topside plumes
and those that do not. Late in the night at Jicamarca we
observe “fossilized” depletions without associated radar
echoes, meaning that the smaller-scale structures have
already dissipated.

2. Using radar data and NRLMSISE-00, the Boston Uni-
versity airglow code reproduces accurately the trend in
the observations, although the peak modeled values are
a factor of 2—3 smaller. This inconsistency could be due
to contamination from nearby city lights.

3. Airglow depletions occur in groups separated by 400—
500 km. Within the groups the separation tended to be
50-100 km. This indicates that an LSWS may be mod-
ulating bottomside depletions.
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4. We presented a case study comparing the zonal speed of
neutral winds and zonal plasma drift obtained from col-
located FPI and ASI, respectively. Early in the night the
depletions move faster than the neutral winds, a result
attributed to downward drifts that modify a fully work-
ing F region dynamo.

5. We presented a case study where the MTM was ob-
served at Jicamarca and a BW was observed at El
Leoncito. The timing of these two events supports the
idea that the MTM has sideways V structure in latitude—
longitude space and that the whole structure moves
westward with the apparent motion of the Sun.

Data availability. Preview images from the Boston University all-
sky imagers can be found at http://buimaging.com. For access to
the raw data use the contact information from the website or con-
tact the author. All the other data are available through the Madri-
gal CEDAR Database at http://madrigal3.haystack.mit.edu/. JULIA
measurements, other Jicamarca data, and contact information can
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