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Abstract Intense OI 630.0 nm emission depletions were detected over Mexico by an all-sky imager during
the main phase of the geomagnetic storm on 1 June 2013 (minimum Dst index: �119 nT). Those emission
depletions were interpreted to be associated with equatorial plasma bubbles. If bubbles were responsible for
those middle-latitude emission depletions, they would have been extreme bubbles which extended over 40°
magnetic latitudes and 7000 km in altitude at the magnetic equator. However, a few factors challenge this
interpretation. First, the emission depletions detected over Mexico showed westward drift, whereas the
equatorial ionosphere including bubbles drifted eastward on that night. Second, the middle-latitude
emission depletions were tilted westward with respect to the geographic meridian, but the westward tilt of
bubbles was not identified. Third, the growth of bubbles was not evident when the middle-latitude emission
depletions grew. The westward tilt and westward propagation of the middle-latitude emission depletions are
consistent with the characteristics of medium-scale traveling ionospheric disturbances (MSTIDs) observed
over the United States on that night. Thus, the emission depletions over Mexico can be interpreted to be the
signature of MSTIDs.

1. Introduction

Plasma bubbles and medium-scale traveling ionospheric disturbances (MSTIDs) are the representative iono-
spheric disturbances in the low- and middle-latitude F regions, respectively. Plasma bubbles indicate plasma
depletions relative to ambient plasma. They develop in the bottomside of the F region after sunset by the
action of the generalized Rayleigh-Taylor instability and grow to higher altitudes and latitudes as time pro-
gresses [Kelley, 1989]. In optical observations, bubbles appear to be emission depletion bands elongated in
the north-south direction because of the plasma depletion in the whole magnetic flux tube [e.g., Kil et al.,
2004; Makela and Miller, 2008; Martinis and Mendillo, 2007]. Owing to the differential eastward motion of
plasma in different magnetic flux tubes, the three-dimensional structure of a bubble is described by a plasma
depletion shell [Huba et al., 2008; Kil et al., 2009]. Medium-scale traveling ionospheric disturbances (MSTIDs)
represent wave-like ionospheric perturbations of the horizontal wavelengths of several hundred kilometers
[e.g., Otsuka et al., 2004]. The creation of MSTIDs is understood in association with atmospheric gravity waves
induced by many sources including tropospheric turbulence and auroral activity [Fritts and Alexander, 2003;
Hunsucker, 1982; Vadas and Liu, 2009]. MSTIDs have periods of a few tens of minutes to a few hours and phase
velocities of a few hundred meters per second [Hunsucker, 1982]. Nighttime MSTIDs in the Northern
Hemisphere often show an alignment of the wavefront in the northwest-southeast direction and southwest-
ward propagation [e.g., Shiokawa et al., 2003; Tsugawa et al., 2007]. However, deviations are also observed
[Shiokawa et al., 2008; Vadas and Crowley, 2010].

Intense OI 630.0 nm emission depletions were observed over Mexico on 1 June 2013 by an all-sky imager at
the McDonald Observatory (30.67°N, 104.02°W, 40° magnetic latitude) in Texas [Martinis et al., 2015]. A mod-
erate level of geomagnetic storm (minimum Dst index: –119 nT) was recorded on 1 June, and the emission
depletions were detected during the main phase of the storm. The emission depletions appeared to bifurcate
and extend to higher latitudes from lower latitudes as time progressed, tilted westward with respect to geo-
graphic meridian when the depletions were viewed northward, and were as intense as those produced by
equatorial plasma bubbles. In addition to those optical characteristics, satellites detected bubbles in the
equatorial region in the longitudes where the middle-latitude emission depletions were observed. Some of
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those properties led Martinis et al. [2015] to the interpretation that the emission depletions observed over
Mexico were produced by equatorial plasma bubbles. If the emission depletions were produced by bubbles,
those bubbles were extended from the magnetic equator to beyond 40°N magnetic latitude and from a few
hundred of kilometers to 7000 km in altitude at the magnetic equator. We call these bubbles “extreme bub-
bles” because bubbles are normally confined within ±20° magnetic latitudes [e.g., Kil and Heelis, 1998]. The
vertical extension of bubbles to an altitude of 7000 km has not been identified by any observations in any
geomagnetic conditions.

Although some characteristics of themiddle-latitude emission depletions can be understood in terms of bub-
bles, we point out an observation gap between the emission depletions detected in middle latitudes and
bubbles detected in the equatorial region. In the OI 135.6 nm radiance map derived from the observations
of the Special Sensor Ultraviolet Spectrographic Imager (SSUSI) on board the Defense Meteorological
Satellite Program (DMSP) F18, bubbles appeared to be elongated up to ±20° magnetic latitudes in the
Eastern Pacific and North American sectors (200°–280°E). Despite the bright background intensity poleward
of the equatorial region, emission depletions were absent beyond 20°N. The absence of emission depletions
at intermediate latitudes (20°–30°N magnetic latitudes) may be because equatorial bubbles have not yet
grown to middle latitudes when the SSUSI observations were made. The SSUSI observations were made
about an hour before the appearance of the emission depletions over Mexico. While this possibility cannot
be ruled out, we can also consider the situation that bubbles simply did not grow to the intermediate lati-
tudes. For the latter case, the emission depletions in middle latitudes are interpreted as phenomena indepen-
dent of equatorial bubbles.

In this paper, we validate the two possibilities by comparing the morphologies and zonal drifts of the middle-
latitude emission depletions and equatorial bubbles. In addition to the validation, we investigate the associa-
tion of the middle-latitude emission depletions with MSTIDs. The observation data used for this study are
described in section 2. The role of bubbles and MSTIDs in the creation of the middle-latitude emission deple-
tions is discussed in sections 3 and 4, respectively. The conclusions of this study are given in section 5.

2. Data Description

The OI 630.0 nm airglow observations at the McDonald Observatory were made by a Boston University all-sky
imager. The details of the airglow observations are referred toMartinis et al. [2015]. The OI 630.0 nm emission
is produced by the dissociative recombination of the oxygen ion with the molecular oxygen. Because
the intensity of the OI 630.0 nm emission intensity is proportional to the number density of the oxygen ion
[e.g., Miller et al., 2014], plasma depletions with respect to the background ionosphere appear as emission
depletions in OI 630.0 nm images. We examine the morphology and propagation of the ionospheric struc-
tures in middle latitudes using the OI 630.0 nm airglow images adopted from Martinis et al. [2015].

SSUSI is an imaging spectrograph and provides monochromatic images at five channels in the spectral range
115 nm to 180 nm [Paxton et al., 2002]. We use the OI 135.6 nm channel images to locate bubbles in the equa-
torial region. The OI 135.6 nm emission at night is produced by the radiative recombination of oxygen ions,
and therefore, plasma depletions appear as depletions in the OI 135.6 nm intensity. DMSP F18 has a Sun-
synchronous circular orbit at an altitude of 840 km. The solar local time (LT) of the orbit at the equator is
near 20:00 LT.

The Coupled Ion-Neutral Dynamics Investigation (CINDI) instrument [Heelis et al., 2009] is one of the payloads
of the Communication/Navigation Outrage Forecasting System (C/NOFS) satellite and provides measure-
ments of the concentration and velocity of ions and neutral particles. The C/NOFS satellite had low inclination
(13°) and elliptical (perigee: 400 km, apogee: 850 km) orbits. The perigee and apogee decayed to 389 and
714 km, respectively, on 1 June 2013. We examine the morphology of bubbles and the zonal motion of the
ionosphere using the CINDI observations.

We investigate the activity of MSTIDs in middle latitudes using the total electron content (TEC) perturbation
maps in North America. The TEC perturbation for each line of sight of a Global Positioning System (GPS)
satellite is obtained by detrending the vertical TEC with 1 h running average [Tsugawa et al., 2007]. The
perturbation TEC data are provided by the National Institute of Information and Communications
Technology in Japan.
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3. The Role of Equatorial Bubbles

Figure 1 shows the time series of OI 630.0 nm airglow images observed on 1 June 2013 at the McDonald
Observatory (adopted from Martinis et al. [2015]). The emission depletion band indicated with letter “A”
appears at the south of the field of view at 04:04 UT. As time progresses, the depletion appears to extend
to higher latitudes. This behavior resembles the vertical and latitudinal growth of equatorial bubbles with
time. In addition, the emission depletions appear to bifurcate as do equatorial bubbles [e.g., Makela and
Miller, 2008]. Therefore, the emission depletions may be interpreted as equatorial bubbles at a glance of
the airglow images. We note two things that were not pointed out byMartinis et al. [2015]. First, the emission
depletions move westward with time. One can easily identify the westwardmovement of the emission deple-
tions using the yellow vertical line as a reference. The westward drift of the emission depletions is

Figure 1. OI 630.0 nm images from 03:42 to 06:34 UT on 1 June 2013 taken by an all-sky imager at the McDonald Observatory (adopted from Martinis et al. [2015]).
The vertical yellow line is given as a reference for the zonal movement of emission depletions. The red dotted lines in the image at 03:42 UT are given to guide weak
emission depletion bands.
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inconsistent with the zonal motion of the equatorial ionosphere; typically, the ionosphere including bubbles
drifts eastward at night [e.g., Fejer et al., 1991; Kil et al., 2014]. Although a moderate level geomagnetic storm
occurred on 1 June, the zonal drift of the ionosphere on that night conformed to the typical plasma motion
(see Figure 2). Second, the emission depletions are tilted westward with respect to the geographic meridian
when they are viewed northward. The westward tilt of the emission depletions may be considered as the
typical property of bubbles because bubbles are often tilted westward [e.g., Martinis and Mendillo, 2007;
Shiokawa et al., 2004]. However, as we show later, the westward tilt of bubbles was not obvious on that night.

The source of emission depletions at intermediate latitudes is obscure because both MSTIDs and bubbles can
appear at intermediate latitudes. A critical factor for the distinction of MSTIDs from bubbles in optical images
or TEC maps is their zonal motion [e.g., Nishioka et al., 2009; Miller et al., 2009] because typically MSTIDs
appear to move westward and bubbles drift eastward at night.

Figure 2 presents the C/NOFS orbits and the measurements of the ion density and velocity by CINDI. The
observations were made around (a) 02:20, (b) 04:00, and (c) 06:40UT. The zonal motion of the background
ionosphere on that night was eastward with a velocity of about 120–260m s–1. This observation contradicts
the observation of the westward movement of the emission depletions over Mexico. From the CINDI obser-
vations, we can identify the eastward plasma motion in the magnetic latitude range of 10°S–25°N. The latitu-
dinal mean eastward velocity is ~200m s–1, and the velocity does not show a decreasing tendency with
latitude. Here we emphasize the uncertainty in the interpretation of the emission depletions. The emission
depletions would be difficult to explain by bubbles, if the zonal velocity reversal had not happened at higher
latitudes (>30°N magnetic latitude).

The eastward velocity of plasma inside bubbles is smaller than that of ambient plasma (or background). We
note that the plasma motion inside bubbles represents internal turbulence. Internal turbulence is different
from the motion of the envelope of bubbles [e.g., Kil et al., 2014]. The envelope of a bubble is the background
ionosphere. Because the zonalmotionofbubbles inoptical images is themotionof theenvelope, themotionof
emission depletions should be compared with themotion of the bubble-embedded background ionosphere.

Figure 2. C/NOFS orbits and measurements of the ion density and velocity by CINDI around (a) 02:20, (b) 04:00, and (c) 05:40 UT on 1 June 2013. The black dashed
lines in the maps indicate the geomagnetic equator. The location where the OI 630.0 nm emission depletions were detected was marked with a red dot. The zonal
and meridional ion velocities in the geomagnetic coordinates are shown with blue and red lines, respectively.
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The OI 630.0 nm images at 05:19 on 1 June 2013 are shown in Figure 3a (adopted fromMartinis et al. [2015]).
The SSUSI OI 135.6 nm image is shown with two colors in Figure 3b. The magnetic equator is indicated with
white dashed line and the geomagnetic field lines are shown with green dots. We can identify the emission
depletion bands produced by bubbles only poleward of equatorial region because of low background
intensity near the magnetic equator. The locations of some bubbles are marked with red lines in the SSUSI
image with green color. As the red lines indicate, equatorial emission depletions (bubbles) are perpendicular
to the magnetic equator (parallel to the geomagnetic field lines). For a comparison, the emission depletions
in the all-sky image are indicated with yellow lines. The emission depletions in the all-sky image are tilted
westward and the emission depletions in SSUSI image are tilted eastward with respect to the geographic
meridian. Bubbles in the SSUSI image are elongated to at most 10°N in geographic latitude in the longitudes
where the middle-latitude emission depletions were detected. The SSUSI observations were made at 19–
20 LT and 2.5 h earlier than the all-sky image (around the longitude of 260°E). Bubbles in the SSUSI image
might have grown to middle latitudes and tilted westward at later hours. However, we do not know whether
these had happened.

Figure 3. (a) OI 630.0 nm images at 05:19 UT on 1 June 2013 taken by an all-sky imager at the McDonald Observatory (adopted from Martinis et al. [2015]). (b)
Composite SSUSI OI 135.6 nm images on the same night. The white dashed line indicates the magnetic equator and the green dots represent the geomagnetic
field lines. The same SSUSI image is shown with two colors to guide the locations of bubbles. Bubbles in the equatorial region and emission depletions in middle
latitudes are demarcated with red and yellow lines, respectively.
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Besides the uncertainties in the tilt direction and zonal motion of bubbles in middle latitudes, we did not find
abnormalities in the bubbles detected on that night. In Figure 2b, the plasma density at the locations of bub-
bles is ~104 cm�3 and the longitudinal width of bubbles is a few degrees. These are the characteristics of typi-
cal bubbles. When CINDI detected bubbles in the equatorial region (4.0 UT), the all-sky imager had already
detected emission depletions at themagnetic latitude of 35°N. If the emission depletions at themagnetic lati-
tude of 35°N (~3500 km in altitude) were produced by growing bubbles, we would expect the plasma density
drop of ~103 cm�3 at the locations of bubbles because of a severe uplift [e.g., Kil and Lee, 2013]. But the severe
density drop did not appear. The emission depletions in the all-sky images extended to higher latitudes as
time progressed. Martinis et al. [2015] explained the latitudinal extension of the emission depletions by the
growth of bubbles. Comparing the observations in Figures 2b and 2c, bubbles appear to decay rather than
grow with time. In the longitude of 240°–270° (bubbles in this longitude interval have the potential to be
the source of the emission depletions in the all-sky images), the depletion depths and widths of the bubbles
in earlier orbit (Figure 2b) are greater than those in later orbit (Figure 2c). One bubble near 250°E is an excep-
tion and can be interpreted to be the source of one of the emission depletions in the all-sky images. However,
more than one emission depletion appears in the all-sky images.

4. The Role of MSTIDs

In the all-sky images shown in Figure 1, the emission depletions are aligned in the northwest-southeast direc-
tion andmove fromnortheast to southwest. Theseproperties are oftenobserved fromnighttimeMSTIDs in TEC

Figure 4. TEC perturbation maps in North America from 03:00 to 05:40 UT on 1 June 2013. Each map was produced with 30 s data.
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maps and airglow images [e.g.,
Miller et al., 2014; Saito et al., 2001;
Tsugawa et al., 2007]. To show the
MSTID activity in North America on
1 June 2013, Figure 4 presents the
TEC perturbation maps from 03:00
to 05:40 UT. The data points are
sparse over Mexico because each
TEC fluctuation map was produced
with 30 s data. The ionospheric
structures are tilted in the
northwest-southeast direction and
appear to move southwestward.
The TEC map at 05:20UT shows
the ionospheric disturbance 1min
after the observation of the all-sky
image in Figure 3a. The TEC pertur-
bation maps demonstrate the exis-
tence of ionospheric disturbances
in broad longitudes and latitudes
in North America on the night of
June 1.

To investigate the zonal move-
ment of the TEC perturbation, a
keogram was produced using the
TEC perturbation data at 35°N geo-

graphic latitudes between 03:00 and 06:00 UT on 1 June. The keogram produced with the TEC perturbation
maps of 30 s resolution is shown in Figure 5. Westward propagating wave features are visible at 03:00–
04:00 LT in the longitude of 255°–280°E. The wavelength (~7°) and phase velocity (~190m s–1) of the wave
features are within typical ranges of MSTIDs. Wave features are difficult to identify at later hours. However,
the keogram shows the westward movement of ionospheric structures in the longitude of 245°–255°E
around the time (05:19 UT) of the all-sky image in Figure 3a. The westward velocity (~40m s–1) of the iono-
spheric structures after 04:00 UT is much smaller than that before 04:00 UT.

5. Discussion

MSTIDs were active in North America and bubbles were detected in the equatorial region. Therefore, either of
them can be considered to be the source of the emission depletions over Mexico. The source of the emission
depletions is difficult to assess with direct evidence because the critical observation that supports the MSTID
activity over Mexico is absent and the plasma depletions at intermediate latitudes that are critical for the ver-
ification of the connection of equatorial bubbles to middle-latitude emission depletions are also absent. We
discuss the validity of the two hypotheses by comparing their weaknesses and strengths.

The strengths of the MSTID hypothesis over the bubble hypothesis are the westward motion and westward
tilt of the middle-latitude emission depletions. The westward tilt of the MSTID features in North America is
evident in the TEC perturbation maps. The emission depletions in all-sky images show the westward move-
ment of about 1° per hour (~30m s–1). This velocity does not significantly deviate from the velocity
(~40m s–1) of the ionospheric structures (TEC perturbations) at 35°N after 04:00 UT. However, we cannot verify
howwell thevelocityat35°N represents thevelocityat25°N (Mexico). Thestrengthsof theMSTIDhypothesisare
the major weaknesses of the bubble hypothesis. As described in section 3, the westward motion of the west-
ward tilted (with respect to geographic meridian) emission depletions is difficult to explain by the eastward
motion of the eastward titled (with respect to geographic meridian) bubbles.

The strength of the bubble hypothesis is the observation of the emergence of the emission depletions from
the south. The widths of the emission depletions (~300 km) are also consistent with the bubble size. If the

Figure 5. The keogram produced using the TEC perturbation data at 35°N
geographic latitudes between 03:00 and 06:00 UT on 1 June 2013.
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all-sky images reveal both the weakness and strength of the bubble hypothesis, which factor is more critical
in the assessment of the validity of the bubble hypothesis? If bubbles are not the source of the emission
depletions, can we satisfactorily explain the properties of the emission depletions with MSTIDs?

The apparent emergence of the emission depletions from the south instead of the appearance of them in the
whole field of view can be the weakness of the MSTID hypothesis. This was the major reason that Martinis
et al. [2015] did not interpret the emission depletions as MSTIDs. We used the expression “apparent emer-
gence” because the interpretation of optical images is not straightforward. The appearance of ionospheric
structures in optical images is affected by the background ionospheric conditions, severity of plasma deple-
tion, and weather (clouds). The MSTID features were identified in the southwestern states (New Mexico,
Arizona, and Texas) of the United States by the TEC perturbation maps, but those features were not clearly
visible in the airglow images. Therefore, lack of the MSTID signature in the airglow images is related to the
sensitivity of the imager. If the plasma depletion in MSTIDs was severer and the background plasma density
was higher at lower latitudes, the all-sky imager would preferentially detect MSTIDs in the south of the field of
view.Martinis et al. [2015] ignoredMSTIDs, but arguably, theMSTID signature exists in their airglow images. In
Figure 1, the structures in the northwest-southeast direction can be found in any image. They look like
MSTIDs. The red dotted lines in the image at 03:42UT provide guidelines of some emission depletion bands.
The intense emission depletions observed in the south of the field of view are aligned with the emission
depletion bands indicated with the red dotted lines. In the images at 05:21–06:34 UT in Figure 1, the intense
emission depletions in the south appear to extend to the north. We think that this phenomenon is related to
the brightness of the background rather than the growth of bubbles. The preexisting MSTID features seemed
to appear as the background became brighter.

Nishioka et al. [2009] reported the development of super-MSTIDs over Japan during the geomagnetic storm
of 10 November 2004 (minimum Dst=�263 nT). The ionospheric perturbations on that night were called
super-MSTIDs because the perturbations showed the MSTID characteristics (northwest-southeast direction
wavefront and its apparent movement from northeast to southwest), and the amplitude of the perturbations
was about 10 times greater than that of normal MSTIDs. The TEC depletions at the troughs of the super-
MSTIDs were more than 10 TECU (total electron content unit, 1 TECU=1016 el m�2). Those TEC depletions
were not interpreted as bubbles because they showed the MSTID characteristics described above. We
emphasize that severe plasma depletions or emission depletions can be produced in association with
MSTIDs. The emission depletions produced by bubbles and MSTIDs are not distinguishable by simply exam-
ining their morphology or intensity [e.g., Miller et al., 2009].

6. Conclusions

We have investigated the source of the OI 630.0 nm emission depletions observed over Mexico on 1 June
2013. Those middle-latitude emission depletions were interpreted as equatorial plasma bubbles [Martinis
et al., 2015]. Our study pointed out two uncertainties (zonal motion and tilt direction) in the interpretation
of the middle-latitude emission depletions. First, the middle-latitude emission depletions showed westward
drift, but the equatorial ionosphere showed eastward drift. We could not identify whether the reversal of the
zonal plasmamotion had occurred at middle latitudes. Second, the middle-latitude emission depletions were
tilted westward, whereas equatorial bubbles showed eastward tilt with respect to the geographic meridian.
We could not identify whether the tilt of bubbles had turned westward at higher latitudes. The middle-
latitude emission depletions showed the latitudinal extension (growth) during the period of 03:42–
06:34UT. However, the CINDI observations at 03:50–05:50UT did not provide convincing evidence for the
growth of bubbles when the emission depletions grew. Because intense MSTIDs occurred over the United
States on that night and their characteristics were consistent with those of the middle-latitude emission
depletions, the emission depletions over Mexico could be interpreted in terms of MSTIDs.
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