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Abstract The midnight temperature maximum (MTM) and equatorial spread F (ESF) are common
processes in the low-latitude ionosphere and thermosphere. This work shows the first interaction between
the brightness wave (BW), associated with the MTM, and plasma depletions, associated with ESF.
Observations from the El Leoncito all-sky imager (ASI) (31.8°S, 69.3°W, 19.7°S magnetic latitude) show
concurrent observations of a plasma depletion and a BW. As the BW passes through the depletion, the
depletion is modified and becomes an enhancement. Concurrent measurements at the conjugate location
show an airglow depletion, indicating that the enhancement is an evolution of the depletion and not a
separate feature and that it only occurs in one hemisphere. Previous model results were able to recreate the
evolution of an airglow depletion into an enhancement when there is a poleward wind combined with
converging zonal winds. We discuss how these wind conditions are often associated with the MTM/BW
and can explain this observed enhancement.

1. Introduction

Two separate but common processes that occur in the Earth's upper atmosphere at low latitudes are the
midnight temperature maximum (MTM) and equatorial spread F (ESF). The MTM is an increase of about 50
to 200 K in neutral temperature in the upper atmosphere that creates a local maximum in the temperature
near local midnight. The formation mechanism for the MTM is not fully understood but results from the
Whole Atmosphere Model (WAM) indicate that the generation of the MTM may be largely due to effects
from an upward propagating terdiurnal tidal wave in addition to other, smaller, nonlinear interaction effects
(Akmaev et al., 2009). Recent observations of the MTM and its effects support this explanation (e.g., Hickey
et al., 2014, 2018).

The temperature increase of the MTM creates a pressure bulge in the thermosphere. This pressure bulge
drives winds away from the MTM, and these thermospheric winds drag the ions with them. In particular, the
MTM can change the meridional wind by decreasing or even reversing the normally equatorward direction
(Meriwether et al., 2008). As the wind drags the plasma, the plasma moves down along magnetic field lines
increasing the brightness in airglow observations. Observations of this brightness wave (BW), an optical
signature of the MTM (Colerico et al., 1996), by all-sky imagers (ASIs) have been used as evidence of the
MTM occurring at midlatitudes in the Southern Hemisphere. These optical signatures in airglow emissions
at 6300 A have been observed as far as 40°S (Colerico et al., 2006). Additionally, the brightness wave and
associated winds have been observed in other longitude regions as well (Otsuka et al., 2003). The brightness
increase is a result of the ions in the ionosphere, driven by neutral winds associated with the MTM (Colerico
etal., 1996, 2006), moving down to a lower altitude. At a lower altitude, there are more collisions that excite
oxygen to the state need to emit a photon at 6,300 A. In the southern hemisphere, the BW moves south as
the ions move down in altitude along the magnetic field lines. In the northern hemisphere, the ions that are
moving northward also move down in altitude and increase the emission. The MTM is moving westward
during this time, and the net result in the southern hemisphere is a wave of brightness that propagates
southwestward across the image. In the northern hemisphere, it propagates northwestward.

The other low latitude process discussed in this paper is ESF, the name commonly given to plasma irregu-
larities that typically occur after sunset in the equatorial and low-latitude F region. These irregularities are
attributed to plasma bubbles, depletions in the background plasma that begin to form due to the generalized
Rayleigh-Taylor instability (Hysell, 2000). Large-scale ESF structures, with longitudinal widths that can be
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tens to hundreds of kilometers, can be observed as airglow depletions 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 associated with three types of ESF: bottom-type, bottomside, and topside (Woodman &
La Hoz, 1976). At the magnetic equator, we observe bottomside ESF, and these structures appear as dark
bands oriented along magnetic field lines. Observations away from the magnetic equator measure topside
ESF and are visible as finger-like structures extending away from the magnetic equator and are sometimes
bifurcated. ESF processes are flux tube integrated (e.g., Keskinen et al., 1998; Sultan, 1996; Weber et al., 1996)
so the topside structures at the magnetic equator map down to their magnetic foot points at higher latitudes
(e.g., Mendillo & Baumgardner, 1982). Including northern and southern hemisphere coupling in simula-
tions of ESF development produces a more accurate development of plasma bubbles (Keskinen et al., 1998).
The flux tube that contains the plasma bubble has low density all along the magnetic field lines from one
hemisphere to the other. These depleted flux tubes can be observed in airglow with ASIs in both hemispheres
(Hickey et al., 2018; Martinis et al., 2018)

The MTM and ESF have some similarities in occurrence time and location. They both occur in the same alti-
tude region of the upper atmosphere, typically occur in the same latitude range, and are nighttime events.
ESF occurs mostly during postsunset and the MTM occurs around midnight so simultaneous observations
are infrequent. The overlap of regions with ESF and the MTM can be observed readily with an ASI at lat-
itudes between about 10° and 30° from the magnetic equator. At these latitudes, the effect of the MTM is
observed as a brightness wave (BW) in the ASI field of view as there is a downward motion of the plasma.
Airglow depletions at these latitudes are associated with ESF structures that map to the topside of the iono-
sphere at the magnetic equator. The brightness wave can occur during the same time period that ESF occurs,
but this does not happen very often.

This paper presents a case where the BW associated with the MTM alters the characteristics of plasma
depletions associated with ESF.

2. Data

The main sources of data for this paper are ASIs. Boston University operates a network of a ASIs around
the world (Martinis et al., 2018). This work focuses on ASIs located in South America. One ASI is located in
El Leoncito, Argentina (31.8°S, 69.3°W, 19.7°S magnetic latitude) and has been operating there since 1999.
The other ASI is located in Villa de Leyva, Colombia (5.6°N, 73.52°W, 16.2°N magnetic latitude) and was
installed in October 2014. Figure 1 shows the location and fields of views of the ASIs that are used in this
study. The dots indicate the locations of the ASIs and the circles are the field of view of the imagers at 250
km and a zenith angle of 80°. The two imagers are located such that they are very close to being on the same
magnetic field line of the Earth. The field of view of each imager includes the magnetic conjugate point
of the other imager, indicated by triangles in Figure 1. The blue lines are lines of constant magnetic apex
altitude and the magnetic equator is marked by a blue dashed line.

Both ASIs have a filter wheel that cycles through five filters (5,577 A, 6,950 A, 7,774 A, 6,300 A, and 6,050 A).
The El Leoncito ASI also has an additional filter at 5,893 A. The cadence between images with the same
filter is about 9 min at El Leoncito and 7 min at Villa de Leyva. The 6,050 A is used for calibration pur-
poses and the rest of the filters are used to observe different processes in the mesosphere and thermosphere.
This work focuses on 6,300 A and 7,774 A observations, which are both related to electron density in the
ionosphere. Production of 6,300 A is multistep process involving oxygen. The first step is charge exchange
between molecular oxygen and ionized atomic oxygen. When the ionized molecular oxygen recombines, it
dissociates and creates an excited neutral atomic oxygen in the !D state. The excited oxygen can deexcite
by quenching with neutrals or by the spontaneous emission of a 6,300 A photon. The conditions for this to
occur are met in the bottomside of the F region of the ionosphere. Emission is limited to a small altitude
range (about 50 km) that is typically centered near 250 km but varies and can be as high as 400 km early
in the night. The emission is proportional to the plasma density, the altitude of ionosphere, and the neu-
tral density. For a more detailed analysis of 6,300 A emission, see Colerico et al. (2006). 7,774 A emission is
caused by the radiative recombination of O* and is directly proportional to the square of the electron density.
The peak emission of 7,774 A is usually at the same altitude of the peak of the F region, 300 to 350 km.

In addition to the ASI observations, total electron content (TEC) from Global Positioning System (GPS)
receivers are used to further investigate the BW. These data come from the MIT Automated Processing of
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Figure 1. A map of western South America showing the locations of the ASIs used in this study. The dots indicate the
locations of the ASIs and the the circles are the field of view of the imagers at 250 km. The magnetic conjugate location

of each imager is marked by a triangle. The more northern ASI is the Villa de Leyva ASI in Colombia and the more
southern ASI is the El Leoncito ASI in Argentina.

GPS (MAPGPS) on the Madrigal website (Rideout & Coster, 2006; Vierinen et al., 2015). The data outputs
are vertical TEC in 1° by 1° bins and 5 min increments.

3. Analysis

From the 20 years of observations at El Leoncito, we examined 5 years in detail to look for cases when the
BW and ESF structures appear at the same time and found few cases, mostly due to the fact that ESF occurs
early in the night and the BW occurs late in the night. Numerous observational and modeling studies have
examined how the MTM timing varies with latitude (e.g., Akmaev et al., 2010; Herrero & Spencer, 1982;
Hickey et al., 2014). These studies have all found that the MTM occurs later at higher geographic latitudes.
As a result, the BW mostly occurs at El Leoncito after local midnight, sometimes near predawn hours. The
recent work by Hickey et al. (2018) analyzed the timing of a BW at El Leoncito and an MTM observed at
Jicamarca on 4 April 2014. The observations in that work supported the idea that, spatially, the MTM has a
sideways V structure, and this structure moves westward with the apparent motion of the sun. In contrast
to the MTM, ESF most often forms just after sunset when the prereversal enhancement of the electric field
causes a large upward drift near the magnetic equator (e.g., Fejer et al., 1999). This means that most ESF
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Figure 2. Two plots showing measurements of the BW throughout the night on 29 October 2014. The plots were made
from images unwarped at 280 km. (a) On the left is a color plot showing the brightness in rayleighs at the center
longitude of the image at each latitude. The vertical axis is latitude, and the horizontal axis is time. (b) The right plot is
similar to the left except it is at a constant latitude at the center of the image and shows all longitudes.

depletions observed at El Leoncito occur early in the night. There are two ways for ESF to be present later in
the night (postmidnight). The depletions can be formed later in the night or the early depletions can persist
throughout the night. Post midnight ESF can be produced by geomagnetic storms (e.g., Kelley & Maruyama,
1992; Martinis et al., 2005) or by an ionospheric upwelling during quiet times (Rodrigues et al., 2018; Zhan
et al., 2018). Early depletions that persist have stopped growing and are referred to as fossil depletions (Krall
et al., 2010). Thus, it is possible to have depletions appearing in the ASI images at the same time that the
BW passes through the field of view.

On 29 October 2014, a BW was observed at El Leoncito moving from the northeast to the southwest. Figure 2
shows keograms in longitude and latitude that show the BW as the increase in brightness toward the end of
the night. These keograms show the brightness at a constant longitude at all latitudes (a) and at a constant
latitude at all longitudes (b). The all-sky images were unwarped at an altitude of 280 km. This altitude was
calculated using ionospheric profiles from the International Reference Ionosphere (IRI-2016) (Bilitza et al.,
2017) and thermospheric profiles from the Naval Research Laboratory Mass Spectrometer Incoherent Scatter
Radar model that extends to the exobase (NRLMSISE-00) (Picone et al., 2002) on this date. The equation for
this calculation is found in Colerico et al. (2006). In Figure 2a, it can be seen that the BW is moving south as
time goes on. The decrease in brightness around 28°S is due to the presence of ESF depletions on this night.
Figure 2b shows a faster westward motion compared to the southward motion, as seen by the steeper slope of
the BW. We estimate the meridional and zonal velocities of the BW on this night by tracking the center of the
BW in the keograms. There are large errors associated with determining these velocities due to the extended
nature of the BW. We found that the zonal velocity is about 450 m/s westward and the meridional velocity is
about 300 m/s southward. Included in the Supporting Information is a movie from the ASI images showing
the BW in 6,300 A. Additionally, a movie at 7,774 A is included. This emission shows a brightness increase
that precedes the 6,300 A emission. The 7,774 A increase is discussed later in the context of TEC variation.

The data presented in Figure 2 are from a date when both a BW and ESF are observed at the same time but
no interaction takes place, meaning that the brightness of the airglow depletions remains unaltered after
the passage of the BW. Figure 3 shows four all-sky images from this night (top) and a plot of the brightness
at zenith around the time of the BW (bottom). The first image at 06:47 UT shows airglow depletions and the
initial stage of the BW and the last image at 08:39 UT shows how the depletion moved eastward and the BW
moved south past zenith. The plot on the bottom shows the intensity of 6,300 A emission calculated as the
average from 10 x 10 pixel box at zenith as a function of time. The standard deviation of the mean is included
as error bars on the plot but are mostly smaller than the points. Four vertical dashed lines mark the times
of the images. The peak around 08:00 UT indicates the presence of brightness wave. The ESF structure is
visible as the dark feature extending from the top of the images down toward the bottom. As the background
emission increases, the morphology and brightness of the ESF depletions do not change.

Figure 4 shows a case from 13 May 2015 when both a BW and an ESF depletion are observed, but with a
different outcome than on 29 October 2014. The images are unwarped at an altitude of 250 km. This differs
from 29 October 2014 because the outputs for IRI-2016 and NRLMSISE-00 are slightly different for this
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Figure 3. Four unwarped images from the El Leoncito ASI on 29 October 2014 (top). They are unwarped at an altitude of 280 km. The UT of each image is in
the lower left corner. Dotted lines indicate latitude and longitude. The gray scale shows the brightness in rayleighs. The scale is different in each image to better
show the features. In the earlier images, a BW is visible and can be identified by the increased emission to the North. The airglow depletion due to ESF is seen
as the dark feature extending from the top of the image to zenith at about — 72° longitude in the first image. The last image at 08:39 UT is after the BW has
passed through zenith. The southern tip of the depletion is in basically the same spot while an eastward motion is observed at lower latitudes. The bottom plot
is the brightness in rayleighs at zenith as a function of UT. The brightness wave is the change in brightness that peaks at 08:00 UT. The red dotted lines indicate
the times of the images.
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Figure 4. Four unwarped images (top) from the El Leoncito ASI on 13 May 2015. They are unwarped at an altitude of 250 km. The first image is at 04:46 UT.
The gray scale shows the brightness in rayleighs. At this time, a BW is just starting to appear in the image and can be identified by the increased emission to the
North. The airglow depletion due to ESF is seen as the dark feature extending from the top of the image to zenith at about -70° longitude. The next three
images, at 05:14 UT, 05:32 UT, and 06:19 UT, show the progression of the ESF structure as the BW passes through. At 06:19, the ESF structure is no longer an
airglow depletion and is now brighter than the background. It extends from the top of the image to about -30° latitude between -70° and -65° longitude. On the
bottom is the brightness in rayleighs at zenith as a function of UT. The red lines show the times of the images. The brightness wave is the increase in brightness
that peaks at 06:00 UT.
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Figure 5. Brightness values at El Leoncito along a constant latitude from -75° to -65° longitude on 13 May 2015. The
brightness is a mean of seven pixels centered on 29.5°S. These cuts are from every other 6,300 A image from this night.
The brightness is normalized to the maximum brightness from each cut. Green shading shows the region of interest,
highlighting the depletion early in the night and the enhancement later in the night.

date and that changes the airglow alitude calculation. The intensity of 6,300 A emission calculated as the
average from 10 X 10 pixel box at zenith is shown on the bottom. On this night the BW associated with the
MTM changes the brightness of the airglow depletion. In the first image of Figure 4 (04:46 UT), the airglow
depletion represents a typical example of ESF observed at El Leoncito and the BW is just visible to the north
as an increase in brightness. As the BW passes through the region of the depletion, the depletion changes
its characteristics and ultimately ends up brighter than the background. The images at 05:14 UT and 05:32
UT show the ESF structure as it evolves. These images show that it is the outer edges of the depletion that
brighten first. The last image (06:19 UT) shows the ESF structure after the BW has passed through zenith.
The bright region between -70° and -65° longitude and extending south of -30° is the “depletion” that is now
brighter than the background. The background is also brighter than the previous image due to the BW. The
line plot (bottom) shows the intensity of 6,300 A emission around the time of the BW, with the brightness
increase being the BW. The dotted lines show the times of the images. We also estimated the meridional and
zonal velocities of the BW on this night. We estimated the meridional velocity to be about 350 m/s and the
zonal velocity to be about 400 m/s. Due to the extended nature of the BW, the error in this estimation is large.
The full evolution from a depletion to an enhancement is shown in a movie in the Supporting Information.
Although not shown here, 7,774 A images also exist from this night. A movie of 7,774 A is included in the
Supporting Information; 7,774 A emission shows the depletion earlier in the night, but during the time that
BW occurs in 6,300 A, the depletion is no longer visible. No BW is observed in 7,774 A on this night. The
7,774 A emission is weak on this night so the depletion is most visible when the EIA crest is present and
then becomes lost in the noise later in the night. The enhancement is not observed in 7,774 A.

To show this change in the ESF depletion a more comprehensive manner, we take a cut through the image
at 28.49° S and plot brightness versus latitude for six images from this night, as shown in Figure 5. These
plots show brightness from 04:36 UT to 06:10 UT. The brightness is normalized in each plot by dividing the
data by the maximum value along the cut. Green shading is used to show the depletion as it moves and
evolves into an enhancement. In the plots earlier in the night, from 04:36 UT to 05:14 UT, the ESF depletion
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Figure 6. Two unwarped images from 13 May 2015. (Left) An image from Villa de Leyva at 06:40 UT. The red line marks the location where brightness values
are extracted for analysis. (Right) An image from El Leoncito at 06:38 UT. The red line is the conjugate line of the line in the Villa de Leyva image. The airglow
enhancement between -65° and -70° longitude is the same enhancement from Figure 4 and is conjugate to the depletion between -70° and -75° longitude at

Villa de Leyva

is observed as a decrease in brightness. As the brightness wave begins to appear, the overall brightness of
the background begins to increase although this is not visible in the normalized brightness. At 05:14, the
brightness decrease of the depletion is not as large as in the previous times. At 05:32 UT, the depletion shows
a significant change and the eastern edge shows an increase in brightness as it begins to transform into an
enhancement. By 05:51 UT, the ESF structure is brighter than the background. Tracking the position of the
depletion from each plot to the next shows that the enhancement seen later in the night is the same feature

that was a depletion earlier.

On this same night, we also have observations from the Villa de Leyva ASI. There was only a brief period
of time where it was clear enough to observe ESF at Villa de Leyva so we are not able to determine if there
was a brightness wave. Figure 6 shows an image from Villa de Leyva (06:40 UT) along with a concurrent

300

—— Villa de Leyva
—— El Leoncito mapped

250

200 -

Brightness (R)

150 A

100 A

50

T T T T T T
=75 -74 -73 -72 =71 -70 -69 -68
Villa de Leyva Longitude

Figure 7. The blue line in this plot shows the brightness values at constant
latitude at Villa de Leyva, shown as the red line in Figure 6 (left). The green
line shows the brightness values at the conjugate location at El Leoncito,
shown as the red line in Figure 6 (right). The El Leoncito positions have
been mapped back to the Villa de Leyva longitudes to remove the effects of
the Earth's magnetic field.

image from El Leoncito (06:38 UT). The bright airglow enhanced ESF
structure is visible during this time in the El Leoncito field of view. In the
Villa de Leyva image, an airglow depletion is observed between -70° and
-75° longitude, starting at the bottom of the image with the poleward tip
extending beyond zenith. This feature is magnetically conjugate to the
enhancement in the southern hemisphere. Clouds are observed around
the eastern and northern edges of the Villa de Leyva image. To better
compare the depletion and enhancement, brightness values along a line
of constant latitude at Villa de Leyva, shown as the red line in Figure 6
(left), have been extracted and plotted in blue in Figure 7. The positions
of all the points of this line were mapped along magnetic field lines to the
opposite hemisphere to measure the conjugate values in the El Leoncito
image. The locations of these points are shown as the red curve in Figure 6
(right) and are plotted in green in Figure 7. This plot shows a clear deple-
tion around -72° longitude at Villa de Leyva (blue line). The El Leoncito
points have been mapped to the Villa de Leyva field of view so that the
two can be directly compared. The green line from El Leoncito shows that
there is an airglow enhancement at about -72°, the same place that there
is a depletion at Villa de Leyva. This confirms that these two features
are conjugate and further shows that there is only an enhancement in
one hemisphere.
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Figure 8. Vertical TEC data from 13 May 2015 and 29 Oct 2014. TEC is calculated by averaging the TEC from a 4° by
4° square. The green dotted line shows the position of the maximum 6,300 A brightness of the BW on each night. Both
nights show an increase in TEC that precedes the BW. 1 TECU is 10%el/m?

As discussed earlier, we have also looked at GPS TEC data from the two nights presented in this work.
Figure 8 shows vertical TEC from each night at the location of the ASI. TEC is calculated from a variety
of receivers in this region and since the GPS satellites are moving, in the 1° bin above the ASI, there is not
always a measurement. To account for this, we calculate an average using a 4° by 4° square and this is what
is shown in Figure 8. On both nights shown here, there is an increase in TEC. On 29 October 2014, this
increase is also observed in 7,774 A, which is expected since this emission is proportional to TEC. Conversely,
no increase in 7,774 A is observed on 13 May 2015, which may be due to the smaller change in TEC. This
increase precedes the BW on both nights. It is not clear whether or not this TEC increase is related to the
BW. If it is related to the MTM, it is not obvious why the TEC increase would not happen at the same time as
the BW. It could be related to the different heights that are sampled by the TEC measurements compared to
the height of the BW. The TEC increase could be related to the thermospheric midnight density maximum,
which has been shown to be connected to the MTM (e.g., Akmaev et al., 2010). The MDM lags behind the
MTM at the same altitude (Akmaev et al., 2010) so if this TEC increase is related to that then why does it
precede the BW? The following night after 13 May 2015 also shows a small BW in 6,300 A, but on this night,
there is no TEC increase. Since the TEC increase is observed on both nights, it seems that there potentially
could a connection to the MTM but we do not know what it is and it does not seem to be consistent from night
to night. Previous results have investigated nighttime density enhancements in F layer density (Farelo et al.,
2002) and in TEC (Olwendo et al., 2012), but none of these papers have connected these enhancements to
the MTM. Investigating the connection between these TEC enhancements and the BW is beyond the scope
of this paper and we leave this as future work. The TEC measurements do inform us about the motion of
the BW. Since the TEC maximum is not concurrent with the BW maximum, the brightness increase must be
mostly due to the downward motion of the plasma and not to an overall increase in density. This supports
the role of winds in creation of the BW (Colerico et al., 1996, 2006).

4. Discussion

In the previous section, we described a case where an airglow depletion became an airglow enhancement
after the passage of a BW associated with the MTM, an effect reported here for the first time. A previous study
showed airglow depletions becoming enhancements but without the presence of the BW (Martinis et al.,
2009). We use the results from that study to help explain the observations from 13 May 2015 at El Leoncito.
Martinis et al. (2009) used an ASI at Arecibo (18.3°N, 66.7°W) and observed nights when a brightening of
ESF airglow depletions occurred. Multiple cases were shown, and all of them occurred during December
solstice. The enhancements occurred toward the end of the night and no BWs were observed on these nights.
The results from Martinis et al. (2009) were the first observations of airglow depletions evolving into airglow
enhancements. Krall et al. (2009) provided modeling results to help explain those observations. They used
a physics based ionospheric model, the Naval Research Laboratory (NRL) SAMI3 is another model of the
ionosphere (SAMI3). With this model they were able to show an airglow depletion evolving into an airglow
enhancement in a way that was consistent with the ASI observations. Different background conditions were
tested to see what could produce the enhancement. It was found that two factors were important to produce
the enhancement in the model. These two factors are the directions of the zonal and meridional winds.
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The first requirement for the wind direction is that there must be a convergence of the zonal winds. The
zonal winds are what differentiates the enhancement cases from other cases. The converging zonal winds
weaken the electric field of the airglow depletion and the weakened electric field decreases upward ExB
drift within it allowing it to be filled in. The convergence of zonal winds can occur near sunrise when the
zonal winds switch directions (Rishbeth, 1971). This is consistent with the observations from Martinis et al.
(2009) that show the enhancements at Arecibo late in the night, close to sunrise, so there is likely to be a
convergence of the wind during those times.

The second requirement is that the meridional wind must be in a direction such that when the plasma is
dragged with it, the plasma moves downward. In the northern hemisphere this means that the meridional
wind must be northward. A northward wind will drag the plasma northward but the plasma is also guided
by the magnetic field lines so it will move downward. This movement of the plasma downward is what pro-
vides the plasma that fills the depletion and turns it into an enhancement. As plasma moves downward, the
airglow increases. Thus, at Arecibo the meridional wind must be northward. The climatology over Arecibo
indicates that there is typically a northward meridional wind during local winter and often during this time
airglow depletions are observed and do not become enhancements. Thus, in the model the converging zonal
wind is a key factor needed to alter the depletion and create an enhancement.

Since these wind conditions have been shown to create the airglow enhancement, we now discuss whether
these same conditions can be present at El Leoncito when the BW occurs. There are no measurements of the
winds within the field of view of the ASI so we must rely on previous works to determine the probable wind
directions. Since El Leoncito is in the southern hemisphere, there must be a southward meridional wind
to move plasma down the magnetic field lines. The requirement for the converging zonal winds does not
change in the southern magnetic hemisphere. Both of these conditions can occur as a result of the MTM.
At El Leoncito, the observations presented here show that the BW travels South-West and previous studies
have shown that the MTM is known to create or enhance a poleward wind (Harding et al., 2015; Meriwether
et al., 2008). It is this poleward wind that moves the plasma and creates the BW. The presence of the BW
indicates that there must be a poleward wind as the BW would not appear without it. Thus the requirement
of a poleward wind that moves the plasma down to a lower altitude along magnetic field lines is satisfied by
the presence of the BW.

Regarding the zonal winds, past observations have shown that the MTM can cause a reversal or abatement
in the typically eastward zonal wind (Colerico et al., 2006; Harding et al., 2015; Meriwether et al., 2008).
This reversal due to the MTM can cause a convergence of the zonal wind in the same way as the common
reversal near sunrise. On both nights we measured the zonal velocity of the ESF structures. On 13 May 2015
the depletion slows down and reaches a minimum zonal velocity close to zero before the passage of the
brightness wave. It then increases in velocity after becoming an enhancement. It is possible that this small
zonal velocity near the start of the BW is due to converging winds from the MTM/BW. ON 29 October 2014,
no minimum velocity is reached before the BW and the velocity is well above zero until the end of the night.

Winds associated with the MTM/BW have been observed enough in previous studies that we can confidently
say that there is a poleward meridional wind and there is a good chance that there is a converging zonal
wind. The zonal velocity minimum of the depletion near the start of the BW also supports the presence of a
converging zonal wind. It may also be possible that a strong meridional wind can overcome the upward drift
created by the electric field. The MTM can create stronger meridional winds than those modeled in Krall et
al. (2009) and the plasma may be able to move down without a significant weakening of the electric field.
Thus, on some nights the MTM can create the correct conditions put forth in Krall et al. (2009) to produce
an airglow enhancement.

On 29 October 2014 there is no enhancement of the ESF depletion even though there is a BW. There must
be some difference in conditions between the two nights for there to be an enhancement in one case and not
in the other. As discussed earlier, the presence of the BW indicates that there is a poleward wind. Although
there are no measurements of the winds on either nights, it is possible that there is not a converging zonal
wind. The MTM does not always create a reversal of the zonal wind and if there is only a small abatement,
then the converging wind may not be present. Since the zonal velocity of the depletion does not approach
zero until after the BW, this may provide evidence that there is no converging zonal wind on this night.
This variability in the MTM could explain why there is an enhancement on one night and not the other but
ultimately we do not know why the enhancement only occurs on 13 May 2015.
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As the ESF structure becomes filled in, it may be expected that it should not end up brighter than the back-
ground but should be equal to or slightly less bright than the background. This is explained in Krall et al.
(2009) and is now briefly summarized here. The fountain affect that creates the equatorial ionization crest
also moves plasma within the ESF depletion. The strong electric fields within the bubble leads the crest
regions within the ESF structure to exist at a higher altitude than the crests outside the ESF structure. The
higher altitude of the crests within the bubble allows them to persist longer since they are not as affected by
recombination. This can lead to enhanced regions of plasma that is held at a higher altitude by the ExB drift.
When this plasma of greater density moves down quickly, at the lower altitude it now has a greater density
than the plasma outside of the ESF structure and appears brighter; 7,774 A images from this night show a
depletion early in the night but then it fades and does not become an enhancement. This is consistent with
a downward motion of plasma rather than an overall increase in density in the enhancement.

As shown in Figure 7, the enhancement observed at El Leoncito is magnetically conjugate to a depletion at
Villa de Leyva. The simulations from Krall et al. (2009) predicted that the enhancements observed at Arecibo
would only occur in one hemisphere due to the direction of the meridional winds. A more recent study
supported this prediction by showing conjugate airglow and satellite observations (Park et al., 2016). They
found a case where a plasma depletion evolved into an enhancement at Arecibo and conjugate observations
from El Leoncito and another ASI in Argentina did not show the enhancement. Our results here also show
a hemispheric asymmetry as well but the enhancement is attributed to winds from the MTM and BW, not
seasonal winds. It may be possible for the enhancement to occur in both hemispheres when the MTM is the
driver of the winds.

No BW was observed at Villa de Leyva but due to intermittent cloud cover there is not enough data to deter-
mine whether or not one occurred at any point during the night. Throughout much of the night, there were
clouds at Villa de Leyva and there are only a few frames that are useful for observations. Additionally, it is
not necessarily expected that the BW would occur at the same time at each site. Although Villa de Leyva and
El Leoncito are at similar geomagnetic latitudes, they are at different geographic latitudes (5.6° vs. 31.8°). In
general, it is expected that the MTM will occur earlier at lower geographic latitudes, so if there was a BW, it
may have occurred earlier at Villa de Leyva. Additionally, the MTM tends to occur earlier in local summer
(Akmaev et al., 2010; Martinis et al., 2013), which would also affect the relative time of the MTM between
the two sites. These seasonal and latitudinal trends only provide an average picture of the MTM as it varies
significantly day to day (Akmaev et al., 2010; Martinis et al., 2013) so is difficult to predict how the the MTM
will behave on a given night. The MTM occurs on almost every night (Martinis et al., 2013) but the BW is
not as prevalent. We do not have information about whether or not there is a BW at Villa de Leyva so we can
not say any more beyond that it may be possible for the enhancement to occur there as well.

5. Summary

In this paper, we analyze ASI images from nights when both ESF depletions and a BW are observed at
the same time. It does not happen very often that these features occur at the same time. Until now there
had been no observations that showed an interaction between these processes. The case from 13 May 2015
showed that the BW changed the ESF depletion and as it passed through the ESF depletion, the ESF structure
becomes brighter than the background. Previous modeling results showed that ESF depletions can become
enhancements if the correct thermospheric wind conditions are met. These results indicated that a poleward
meridional wind and a converging zonal wind can turn an ESF depletion into an enhancement. Both of these
wind conditions have previously been shown to be associated with the MTM/BW. Conjugate observations of
a depletion confirm that the enhancement in the southern hemisphere is associated with an ESF structure
and further validate the modeling results from Krall et al. (2009). Thus, the MTM can create conditions for
the brightening of airglow depletions, as was observed on 13 May 2015.
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