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Abstract Broad plasma depletions (BPDs) in the equatorial F region represent plasma depletions whose
longitudinal and latitudinal scales are much greater than those of normal plasma bubbles. This study
investigates the characteristics and origin of BPDs using the coincident ionospheric observations by the
Communication/Navigation Outage Forecasting System, Defense Meteorological Satellite Program, and
Swarm satellites during the 2015 St. Patrick’s Day (17 March) storm. Two types of BPDs were detected
before midnight during the main phase of the storm. One type of BPDs showed a gradual plasma density
variation (Type 1), and the other type of BPDs showed a steep density gradient (Type 2) at the walls of BPDs.
The Type 1 BPDs were detected with no signature of plasma bubbles nearby, whereas the Type 2 BPDs
were accompanied by bubbles. The formation of the Type 1 BPDs is attributed to the uplift of the bottomside
of the F region above the satellite altitude by the action of storm-induced electric fields. The steep walls of
Type 2 BPDs are associated with the ionospheric uplift and the spatial discontinuity of the ionosphere
produced by bubbles. The detection of BPDs that are more than 15° wide in latitude by the polar orbit Swarm
satellites arises from the elongation of bubbles along the magnetic field lines and the alignment of the
elongation with the plane of the orbit.

1. Introduction

One of the many fascinating phenomena in the ionosphere during large geomagnetic storms is the abnor-
mally large plasma depletions that occur at night in the equatorial F region. Plasma depletions of a few
degrees in longitude (we call them plasma bubbles) frequently occur in the equatorial F region regardless
of whether there are storms or not, but larger-scale and deeper plasma depletions have been preferentially
observed during large geomagnetic storms. We call them broad plasma depletions (BPDs) to distinguish
them from the more usual ionospheric bubbles. BPDs seem to occur in association with large storms, and
their creation mechanism is considered to be different from the creation mechanism of bubbles. BPDs are
the phenomena identified by in situ satellite observations [Basu et al., 2001, 2007; Burke et al., 2000, 2009;
Greenspan et al., 1991; Huang et al., 2011; Kil and Paxton, 2006; Kil and Lee, 2013; Kil et al., 2006; Lee et al.,
2014; Su et al., 2002].

The creation of plasma bubbles is well understood in terms of the concept of the “rising bubble” [Woodman
and La Hoz, 1976]. The perturbation of the height or density in the bottomside of the F region grows to the
topside by the generalized Rayleigh-Taylor instability [e.g., Kelley, 2009; Sultan, 1996]. The detection of the
bottomside low-density plasma at higher altitudes appears as a plasma depletion or bubble. The detection
of BPDs can also be understood in terms of the vertical transport of bottomside plasma. BPDs appear in
satellite observations when the whole F region is lifted above the satellite orbits by storm-induced electric
fields [Basu et al., 2001, 2007; Greenspan et al., 1991; Kil and Lee, 2013; Lee et al., 2014; Su et al., 2002]. A
spike-like increase in the vertical plasma motion has been observed at premidnight during large geomag-
netic storms, and this phenomenon was attributed to the intensification of the evening prereversal
enhancement (PRE) by storm-induced electric fields [e.g., Kil et al., 2007, 2008; Ramsingh et al., 2015]. The
formation of BPDs is also explained by the development of abnormally large bubbles by storm-induced elec-
tric fields [Burke et al., 2000] or by the accretion of normal bubbles [Huang et al., 2011; Kil and Paxton, 2006].
The development of abnormally large bubbles is supported by the observation of the large vertical plasma
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velocity [Burke et al., 2000], and the accretion of bubbles is supported by model simulations [Huang et al.,
2012; Huba et al., 2015].

This report investigates the characteristics and origin of BPDs by analyzing coincident satellite observations
during the 2015 St. Patrick’s Day (17 March) storm. Tulasi Ram et al. [2016] reported the detection of severe
plasma depletions in the Indian sector by the Swarm and Communication/Navigation Outage Forecasting
System (C/NOFS) satellites during the storm. The depletions were detected at the evening terminator, and
these phenomena were attributed to the uplift of the F region above the satellite altitudes by the penetration
electric field. The existence of a significant ionospheric uplift was supported by the ionosonde observations in
India [Ramsingh et al., 2015; Tulasi Ram et al., 2016]. In addition to the BPDs in the Indian sector reported by
Tulasi Ram et al. [2016], we have identified the occurrence of BPDs in two other longitude regions during the
2015 St. Patrick’s Day storm. BPDs occurred in the longitudes where bubbles were absent as well as in the
longitudes where bubbles were present. Two different types of BPDs occurred: Type 1 BPDs had a gradual
density variation and Type 2 BPDs had a steep density gradient at the walls. The Type 1 BPDs did not
accompany bubbles, whereas Type 2 BPDs accompanied bubbles. These observations provide a useful tool
for the understanding of the origin of BPDs, especially the association of BPDs with bubbles. BPDs were
detected between 18 and 22h local times (LTs). This is the LT region where PRE and bubbles develop.
During the 17 March 2015 storm, Swarm and Defense Meteorological Satellite Program (DMSP) satellite
observations were available in this LT region. C/NOFS orbits were close to the magnetic equator in the long-
itudes where BPDs were detected. We can definitively investigate the ionospheric conditions at the times of
the BPD detection using multiple satellite observations.

The observation data are described in section 2. lonospheric observations in three different longitude regions
are presented separately in section 3. We discuss the morphology of BPDs and its dependence on the satellite
pass in section 4. Conclusions are given in section 5.

2. Data Description

C/NOFS mission was sponsored by the Air Force of the United States for the investigation of the turbulence in
the equatorial ionosphere and its effect on communication and navigation systems [de La Beaujardiére
and the C/NOFS Definition Team, 2004]. The C/NOFS satellite was launched on 16 April 2008 and ended on
28 November 2015. The satellite had a nominal elliptical (400-800 km) orbit with an orbital inclination of
13°. The Coupled lon Neutral Dynamic Investigation, one of the C/NOFS payloads, was sponsored by
National Aeronautics and Space Administration and was composed of two instruments: lon Velocity Meter
(IVM) and Neutral Wind Meter (NWM). IVM measured the temperature, velocity, and concentration of charged
particles, and NWM measured the velocity of neutral particles [Heelis et al., 2009]. This study uses the IVM
measurements of the ion concentration with 1s time resolution. We also present the meridional (vertical)
ion velocity derived from the IVM measurements, but they are used as supporting material because the final
version of the data products has not yet been produced. The C/NOFS orbit decayed to an elliptical orbit with
the perigee of 350 km and apogee of 514 km on 17 March 2015.

The DMSP spacecraft are managed by the United States Air Force. They have Sun-synchronous circular orbits
(inclination: 98°) at an altitude of approximately 830 km. F18 and F19 were launched on 18 October 2009 and
2 April 2014, respectively. The LTs of the northbound F18 and F19 ground tracks at the equator are 19.6 and
18.6 h, respectively. This study uses the measurements of the ion concentration and vertical ion velocity by
the Special Sensors lons, Electrons, and Scintillation (SSIES) sensor. The cadence rate of the SSIES data is
1s. We also use the optical observation of the ionosphere by the Special Sensor Ultraviolet Spectrographic
Imager (SSUSI) [Paxton et al., 1992a, 1992b] on board DMSP F18. SSUSI measures ultraviolet emissions in five
different wavelength bands (HI 121.6 nm, Ol 130.4 nm, Ol 135.6 nm, and N, Lyman-Birge-Hopfield short and
long (167.2 to 181.2 nm)) from the Earth’s upper atmosphere. The Ol 135.6 nm emission at night is produced
by the recombination of oxygen ions and their subsequent de-excitation. Therefore, the intensity of Ol
135.6 nm emission is a measure of the line-of-sight integral of the F region plasma density. The disk-scan
Ol 135.6nm image is used for the investigation of the ionospheric morphology and the occurrence
of bubbles.

The Swarm mission is sponsored by the European Space Agency for an accurate measurement of the Earth’s
magnetic field [Lihr et al, 2015]. Swarm consists of three circular-orbit satellites and was launched on
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Figure 1. (a) SYM-H index in 16-18 March 2015 obtained from the World Data Center in Kyoto University (http://wdc.kugi.kyoto-u.ac.jp/aeasy/index.html). The times
at which BPDs were detected by Swarm and C/NOFS satellites are indicated by the vertical dashed and solid lines, respectively. (b) Composite DMSP F18/SSUSI Ol
135.6 nm image on 17 March 2015. The red and blue lines are the ground tracks of DMSP F19 and F18, respectively. The UTs at which the DMSP satellites
crossed the equator from south to north are given in the top. The white dashed line indicates the magnetic equator. The orbit numbers 2, 5, and 8 indicate the
longitudes where BPDs were detected. (c) Comparison of the observations of the ion density by F19 (red) and F18 (blue).

22 November 2013. Swarm-Alpha (SwA) and Swarm-Charlie (SwC) pairs have orbits around an altitude of
460 km with a separation of about 75 km in geographic latitude and about 150 km in geographic longitude.
Swarm-Bravo (SwB) has an orbit around an altitude of 530 km. The orbital inclinations of SwA and SwC pairs
and SwB are 87.4° and 88°, respectively. Our study uses the measurements of the electron density at a sam-
pling period of 0.5 s by the Langmuir probes.

3. Results
3.1. Overview of the Equatorial lonosphere Disturbance During the Storm

Figure 1 provides an overview of the ionospheric variations during the main phase of the 17 March 2015
storm. The SYM-H index in Figure 1a represents the geomagnetic disturbances of the horizontal magnetic
field component (H) in midlatitudes. The main phase of the storm started around 6 h universal time (UT) fol-
lowing the turning of the interplanetary magnetic field southward. SYM-H reached a minimum value of
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—234nT at 22.8 h UT. BPDs were detected around 9.4, 14.1, and 19.8 h UTs. The vertical lines on the SYM-H
index indicate the detection times of BPDs by the Swarm (dashed lines) and C/NOFS (solid lines) satellites.
Figure 1b shows the composite swaths of the F18/SSUSI Ol 135.6 nm intensity. The ground track of a single
pass of F18 is shown with a blue line on the swath of orbit 1 of that day. The UTs at which F18 crossed the
geographic equator are given in the top of Figure 1b (7.37 h UT for the marked pass of F18). A single pass
of F19 is also shown with a red line on the swath of orbit 1, and the UTs of F19 passes are given in the top
(6.54 h UT for the marked pass of F19). F19 and F18 sampled similar longitude regions with an interval of
50 min. To show the variation of the ionosphere at the evening terminator, the observations of plasma
density by F19 (18.6 h LT) and F18 (19.6 h LT) are compared in Figure 1c.

BPDs were detected by C/NOFS or Swarm in the longitudes of DMSP passes 2, 5, and 8. Bubbles were
detected by Swarm and DMSP in the longitudes of DMSP passes 2 and 5, but no bubble was detected in
the longitude of DMSP pass 8 by any satellite. Thus, the BPD in the longitude of DMSP pass 8 has nothing
to do with bubbles. C/NOFS detected bubbles in the longitude of DMSP pass 6 as well as in the longitudes
of DMSP passes 2 and 5. Comparing the F19 and F18 observations in Figure 1c, the longitudes of DMSP passes
2,5,and 6 are distinguished from other regions by the observation of higher plasma density in the F18 orbits
than in the F19 orbits. Therefore, bubbles occurred in the longitudes where the plasma density increased
between 18.6 h (F19) and 19.6 h (F18) LT. Because the PRE typically has its peak value in this LT interval [Kil
et al.,, 2009a], the PRE is a plausible source of the plasma density enhancements and the occurrence of bub-
bles in those longitudes. The occurrence of both BPDs and bubbles in the longitudes of DMSP passes 2 and 5
may indicate the association of BPDs with the PRE and bubbles. The equatorial ionization anomaly (EIA) is
most pronounced in the Atlantic sector (longitude of DMSP pass 11) in the SSUSI image. The EIA feature is
also visible in the F18/SSIES data in that longitude. However, bubbles did not develop in that region.
Judging from the ionospheric morphology in Figure 1c, the onset of bubbles is seen to be affected by the
magnitude of the ionospheric change (enhancement in vertical plasma motion or plasma density) at the
terminator rather than by the EIA intensity which was produced before the PRE. In the following sections,
we closely look at the observations in the longitudes where BPDs were detected.

3.2. A BPD at the Longitude of 155°E

SwC detected a Type 2 BPD, and C/NOFS detected bubbles at 155°E longitude (DMSP pass 2 in Figure 1b).
Figure 2 presents the coincident observations of the ionosphere in that region. The DMSP F18/SSUSI Ol
135.6 nm image is shown in Figure 2a with the ground tracks of Swarm, DMSP F18, and C/NOFS satellites.
The thick yellow lines in the SwA and SwB orbits indicate the detection locations of plasma depletions in
those orbits. The colors of the satellite ground tracks match the colors of their observations. The same Ol
135.6 nm image is shown again in Figure 2b for a clearer view. The observations of F18/SSIES, SwA, and
SwC are shown in Figures 2c-2e, and their orbit information is given in Figure 2h. Because SwA and SwC flew
near each other, the orbit information is given only for SwC. The C/NOFS orbit information and C/NOFS obser-
vations are given in Figures 2f and 2g, respectively.

The F18 observations were made around 9.1 h UT. An emission depletion band appears in the SSUSI image
(Figure 2b), and plasma depletions appear in the equatorial region in the SSIES data (Figure 2c). The
vertical velocity is shown with black dots in Figure 2c. A pronounced density enhancement occurs in
the equatorial region, and this enhancement agrees well with the enhancement in the vertical ion velocity.
In Swarm observations (Figures 2d and 2e), four depletions (A-D) appear. Among these depletions, deple-
tion D in the SwC orbit is most pronounced. Its latitudinal width is about 15° and the plasma density is
lower than the ambient plasma by more than a factor of 1000. We call this depletion a Type 2 BPD.
The steep density gradient at the walls of the BPD is different from the morphology of the equatorial ioni-
zation trough that normally shows a gradual density variation as a function of latitude. Thus, the formation
of the BPD is not explained simply by the uplift of the background ionosphere. In the SSUSI image, we can
identify a tilted emission depletion band at the longitude of 150°-160°E. A tilted bubble is produced by
the differential zonal drift of plasma-depleted magnetic flux tubes and has a shell structure [Kil et al,
2009b]. The detection longitude of the shell structure varies with latitude and altitude. Given the appear-
ance of the single pronounced emission depletion band at the locations of the plasma depletions in the
DMSP and Swarm orbits, it is reasonable to suggest that the plasma depletions and the emission depletion
band are associated with the same bubble.
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Figure 2. DMSP F18, Swarm, and C/NOFS observations in the longitude of 130°-190°E. (a) SSUSI Ol 135.6 nm image with satellite passes. (b) SSUSI Ol 135.6 nm image.
(c—e) Plasma density observed by F18, SwWA, and SwC. The vertical ion velocity observed by F18 is shown with black dots in Figure 2c. (f) UT, LT, and altitude of C/NOFS
orbits. (g) Plasma density (colored lines) and meridional component of the plasma velocity (black dots) observed by C/NOFS. The vertical green and red lines in orbit 1
indicate the longitudes of the SwA and SwC orbits, respectively. The bubble that is considered to be responsible for the emission depletion in Figure 2b is indicated
with a yellow shaded area. (h) UT, LT, and altitude of F18 and SwC orbits.

The C/NOFS observations of the ion density (colored lines) and the meridional (vertical) component of the
ion velocity (black dots) are shown in Figure 2g. C/NOFS orbit 1 detected depletions in the longitude of
150°-170°E at 19-20 h LT (8.8 h UT). The upward plasma motion of 20-60 ms~' was observed at the loca-
tions of the plasma depletions, but the upward velocity of the background ionosphere was less than
20ms~". In C/NOFS orbit 2 (10.4h UT), depletions were detected over a broader range of longitudes and
the depletions had deepened. The vertical motion of the background ionosphere was near zero in orbit
2. Considering the detection of shallow depletions in orbit 1 and deep depletions in orbit 2, it appears that
bubbles had just started their development at the time of orbit 1. The longitudes of SwA and SwC orbits are
indicated with vertical lines in Figure 2g. The depletion indicated by the yellow shaded area is likely the
source of the emission depletion band in the SSUSI image and the depletions in the DMSP and Swarm
orbits. Depletions had almost disappeared in the C/NOFS data by orbit 3, although orbit 3 sampled the iono-
sphere at lower altitudes than did orbit 2. The downward motion of the ionosphere might have caused a
rapid decay of the depletions. The upward ion velocity of the background ionosphere was small in the
C/NOFS orbit 1 (8.8h UT), but it increased significantly (>100ms™") in the F18 orbit (9.1 h UT). Thus, the
F18 observations were made within 20 min after the significant uplift had started. The enhancement of
the equatorial plasma density in the F18 orbit would be because the observation was made during the time
when there was a rapidly increasing uplift of the ionosphere.
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The locations of depletions A and Cin
the Swarm observations correspond
to the location of the emission deple-
tion band in the middle SSUSI swath.
The detection of depletion A at a
higher latitude than depletion C is
consistent with the westward tilt of
the emission depletion band. The
longitudes of the magnetic apex of
depletions A and C correspond to

. the longitudes of the depletions
-40 -20 0 20 40 detected by DMSP near the magnetic
Magnetic latitude (0) equator. The detection latitudes of
the depletions in Swarm observa-
tions are puzzling because the loca-
tions of the depletions are not
symmetric with respect to the
magnetic equator. The observations
of SwA (green) and SwC (red) near
155°E longitude are shown in Figure 3. For comparison, the SwA observations near the longitudes of 178°E
(blue) and 131°E (black) are also shown with dashed lines. There is no depletion at the southern conjugate
location of depletion C. The sizes and locations of depletions A and B do not match either. We postpone
the discussion of the morphology of depletions to section 4. Ignoring the plasma-depleted regions in the
green and red curves, we can see almost an identical latitudinal morphology of the background ionosphere.
This observation indicates that the appearance of a BPD only in the SwC orbit is not related to the modulation
of the background ionosphere. By combining the two observations, we can infer the morphology of the back-
ground ionosphere at the location of the BPD. The gray thick curve schematically illustrates the morphology
of the trough in that longitude. Additional plasma depletion mechanisms are necessary to explain the density
difference between the trough and the BPD. A stronger EIA and a deeper trough developed near 155°E long-
itude than in the neighboring longitudes (dashed curves). However, the uplift of the background ionosphere
near the longitude of 155°E was not so severe as to move the whole F region above C/NOFS orbits (~350 km)
because a BPD feature did not appear in the C/NOFS observations. If the BPD was not produced by the uplift
of the background ionosphere, the BPD is likely associated with a bubble. We interpret that the BPD in the
SwC orbit represents the elongated nature of bubbles along the magnetic field lines. Because the longitudi-
nal cross section of a bubble (C/NOFS orbit) is narrower than its latitudinal cross section (SwC orbit), the BPD
feature is not obvious in the C/NOFS orbit.

Figure 3. Comparison the SwA (green) and SwC (red) observations in
Figure 2 along with the SwA observations at the longitudes of 178°E (blue)
and 131°E (black).

3.3. BPDs in the Longitude of 70°-90°E

The longitude of 70°~90°E (DMSP pass 5 in Figure 1b) is the region where BPDs and bubbles were detected by
both Swarm and C/NOFS. The intensification of the EIA in the F18 orbit compared with the observation in the
F19 orbit (see orbit 5 in Figure 1¢) indicates that the ionospheric uplift was significant in the evening. The
uplift can also be identified from the measurements of the ion velocity. Figure 4 is the same format as
Figure 2 for the observations in the longitude of 50°-~120°E. Because SwA and SwC detected similar BPDs,
we present SwB observations in the region instead of SwC observations.

Multiple bubble features appear in the middle SSUSI swath (Figure 4b). In the equatorial region, the back-
ground emission intensity in the middle swath is lower than that in neighboring longitudes. These observa-
tions lead to the interpretation that the PRE was significant around the longitude of 70°-90°E and bubbles
developed in association with the PRE. SwA detected a Type 2 BPD in that region at 14.1 h UT (Figure 4c).
The BPD has steep walls and a flat bottom with a latitudinal width of 17°. F18 (142h UT) and SwB
(16.3 h UT) detected irregularities, but deep depletions do not appear in those orbits (Figures 4d and 4e).
The vertical plasma motion is visible at some disturbed locations at the time of the F18 observation, but
the background ionosphere does not show a notable upward motion. Considering the observation of an
intense upward motion of the background ionosphere at the same LT in the longitude of 150°-160°E
(Figure 2c), the PRE seems to have ended earlier in the longitude of 70°-90°E than in the longitude of
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Figure 4. The same format as Figure 2 for the observations in the longitude of 50°-120°E.

150°-160°E. The absence of the EIA feature in Figure 2c (150°-160°E) and the development of a strong EIA
feature in Figure 4d (70°-90°E) are attributed to the difference in the occurrence times of the PRE.

In Figure 4g, a single large depletion appears in C/NOFS orbit 1 at 13.5h UT (19 h LT), and we call this deple-
tion a Type 1 BPD. 19h LT is the time at which PRE reaches near its peak value under normal conditions.
Because this time is a little bit early for the onset of bubbles and the depletion is much broader than
regular bubbles, the BPD is not interpreted as a bubble. In addition, the gradual density variation is not the
characteristic of a bubble. In C/NOFS orbit 2 at 15.0 h UT, two depletions with the longitudinal widths of
12° (near 75°E) and 7° (near 90°E) are categorized as Type 2 BPDs. A Type 2 BPD feature also exists near
the longitude of 88°E in C/NOFS orbit 3.

lonospheric disturbances in this longitude region (Indian sector) were reported by Ramsingh et al.[2015] and
Tulasi Ram et al. [2016]. Both studies identified the ionospheric uplift over India at 13.5-14.0 h UT from the
ionosonde observations at Tirunelveli (longitude: 77.7°E, latitude: 8.7°N) and attributed this phenomenon
to the action of a penetration electric field at the dusk sector. The ground-based observations in India are
consistent with the observations of the upward plasma motion by C/NOFS (Figure 4g), the appearance of
an EIA feature in the DMSP F18 orbit (Figure 4d), and the development of an equatorial ionization trough
in the SwB orbit (Figure 4e). Tulasi Ram et al. [2016] reported that spread F started to appear over
Tirunelveli after 13.9 h UT. Because the observations in C/NOFS orbit 1 were made before the spread F onset,
the BPD in C/NOFS orbit 1 is not related to a bubble, as we described above. The uplift of the ionosphere by
the PRE is likely to be the source of the BPD in C/NOFS orbit 1. The gradual density variation at the walls of the
Type 1 BPD in C/NOFS orbit 1 is different from the steep density gradient at the walls of the Type 2 BPDs in
C/NOFS orbit 2. The observations in C/NOFS orbit 2 were made after the development of bubbles in the
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Figure 5. The same format as Figure 2 for the observations in the longitude of 30°W-40°E.

region. These observations provide a clue for the morphology of BPDs associated with the PRE and bubbles.
The Type 1 BPD associated with the PRE has a gradual density variation like the one in C/NOFS orbit 1,
whereas the Type 2 BPD accompanied with bubbles has steep walls like the ones in C/NOFS orbit 2. The
absence of a BPD feature in the DMSP and SwB observations may reflect the altitude dependence of the

detection of BPDs.

The development of a strong PRE over India during the main phase of the storm is evident by our observa-
tions and previous studies. The virtual height obtained from the ionosonde observations at Tirunelveli
reached over 550 km at 14 h UT [Ramsingh et al., 2015; Tulasi Ram et al., 2016]. Joshi et al. [2016] conducted
SAMI2 (Sami2 is another model of the ionosphere) model simulations using the vertical plasma drift data
at Tirunelveli. Their results showed that the F peak height reached over 500km just after the PRE.
Therefore, the SwA orbit (470 km) was likely below the F peak height at the time of the BPD detection.
However, the morphology of the BPD is difficult to explain by the effect of the PRE alone because the uplift
itself does not create such a steep latitudinal density gradient. The steep density gradient indicates that SwA
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encountered a discontinuity in density. Bubbles are the likely source of the discontinuity.

3.4. A BPD at the Longitude of 10°E

At 10°E longitude (DMSP pass 8 in Figure 1b), a Type 1 BPD was detected by C/NOFS, but no bubble was
detected by any satellites. The absence of bubbles distinguishes this region from the other two regions
described in sections 3.2 and 3.3. Figure 5 is the same format as Figure 4 for the observations at 30°W-
40°E longitude. The EIA and trough are clearly visible in the SwA orbit at 18.8 h UT (Figure 5c¢). The density
has its peak value in the equatorial region in the DMSP F18 orbit at 19.3 h UT (Figure 5d), and weak features
of the EIA and trough appear in the SwB orbit at 20.9h UT (Figure 5e). These are typical ionospheric
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Figure 6. Schematic illustration of the BPD morphology. (a) Modulation of the background ionosphere in the absence
(Region 1) and presence (Region 2) of bubbles. The red curves represent the bottom (Z;) of the F region. (b) Longitudinal
density profiles along the C/NOFS orbit. In Region 2, the presence of bubbles makes the walls of BPDs steep (blue dashed
line). (c) Bubble images projected in the longitude-latitude plane and the bubble morphology along polar orbit satellite
passes. See the text for the details.

morphologies at the altitudes of those satellites under normal conditions. The vertical ion velocity in the
equatorial region was 10-40ms™ ' at the time of the F18 observations.

In C/NOFS orbit 1 at 18 h UT (Figure 5g), the density does not show any notable longitudinal variation. The
vertical ion velocity at the longitude of 2°~10°E is about 50ms~'. We are not able to identify whether the
upward plasma motion was confined to the longitude of 2°~10°E because of the data gap. A BPD appears
near 10°E longitude in C/NOFS orbit 2 at 19.7 h UT. The SwA (blue), F18 (green), and SwB (red) orbits are indi-
cated with vertical lines. The morphology of this BPD is similar to that of the BPD in C/NOFS orbit 1 in Figure 4g;
both BPDs show a gradual density variation at the walls and have a flat bottom.

In the SSUSI image in Figure 5b, the EIA is more pronounced in the middle swath than in other swaths. We
also identified the development of stronger EIA and trough near 10°E longitude than in nearby longitudes
from Swarm observations (not shown). Therefore, the uplift near 10°E longitude was more significant than
in neighboring longitudes. However, the uplift in this region was not as strong as that in the other two
regions described in sections 3.2 and 3.3, judging from the latitudinal morphology of the ionosphere in those
regions. Bubbles might have not developed in 10°E longitude region because the PRE was not intense. This
isolated BPD event provides a good reference for the morphology of a BPD in the absence of bubbles.

4. Interpretation of the BPD Morphology

We explain the morphology of the BPDs observed in the three longitude regions using the diagrams in
Figure 6. The diagrams in Figure 6a illustrate the longitudinal variation of the heights of the F region in
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two regions where bubbles are absent (Region 1) and present (Region 2). The vertical electron density profile
is shown on the right of Region 2. The red lines in Region 1 and Region 2 indicate the bottom (Z;) of the
F region in the density profile. The C/NOFS orbit (green dashed line) is assumed to be along the magnetic
equator. The density profiles along the C/NOFS orbit are shown in Figure 6b. The gradual density variation
in Region 1 represents the density profile in the bottomside, and the flat density at the bottom of the deple-
tion is related to the sampling of the ionosphere below Z;. The diagrams in Region 1 may explain the BPDs in
C/NOFS orbit 1 in Figure 4g and C/NOFS orbit 2 in Figure 5g. In Region 2, the C/NOFS orbit passes through two
humps in the F region height. The density profile associated with the humps is depicted by the red curve. The
two humps can be produced, if the strength of the penetration electric field varies with time (or longitude) or
a seeding mechanism modulates the bottomside. In the presence of bubbles, the BPDs become broader and
have steep walls as illustrated with the blue dashed curve [e.g., Lee et al., 2014]. This diagram may explain the
BPDs in C/NOFS orbit 2 in Figure 4g.

The diagrams in Figure 6¢ describe two-dimensional bubble images in the longitude-latitude coordinates
and the latitudinal density profiles along the satellite orbits. Bubble 1 is a snapshot of a bubble at a certain
UT. The bubble is symmetric with respect to the magnetic equator. The magnetic declination is assumed
to be zero. If we sample the ionosphere simultaneously along the red dashed lines, the morphology of the
depletion is symmetric with respect to the magnetic equator. However, bubbles are not stationary and satel-
lite observations are not a snapshot. If the bubble drifts eastward, the satellite actually samples the bubble
along the passes shown with green dashed lines. The slant angle depends on the drift velocity of the bubble
and the satellite velocity. The rotation of the Earth and positive magnetic declination further increase the
slant angle. Thus, a symmetric bubble appears to be a slanted bubble (Bubble 2) when it is viewed along
the satellite pass. The latitudinally asymmetric distribution of depletions in Swarm observations in Figure 2
may be explained by this picture of a slanted bubble. Orbits 1 and 2 in Bubble 2 represent the orbits of
SwA and SwC. The depletions along these orbits are asymmetric. In addition to the effects of magnetic decli-
nation and zonal motion of bubbles, the hemispheric asymmetry of the background ionosphere and
temporal growth of a bubble can cause a hemispheric asymmetry in the morphology of a bubble. For exam-
ple, if the northern ionosphere was lifted by equatorward winds or a northbound satellite observed a rapidly
growing bubble, the satellite would have a higher chance of detecting a bubble in the Northern Hemisphere
than in the Southern Hemisphere.

We note that BPDs are not confined to storm periods. Because the detection of a BPD depends on the satellite
orbit (altitude and inclination), F region height, and occurrence of bubbles, BPDs can appear anytime when
the proper conditions are met. The necessary condition for the detection of a BPD is the uplift of the bottom
of the F region above the satellite orbits by either the modulation of the background ionosphere or the crea-
tion of bubbles. The reason that BPDs preferentially occur during storm periods is because storm-induced
electric fields can provide that condition.

5. Conclusions

Abnormally large plasma depletions were detected by C/NOFS and Swarm satellites in the equatorial F region
during the main phase of the 17 March 2015 storm. These depletions, named BPDs, were detected at the
times of the development of the PRE and just after the PRE. Two different types of BPDs occurred: Type 1
BPDs had a gradual density variation and Type 2 BPDs had a steep density gradient at the walls. The Type
1 BPDs did not accompany bubbles, whereas the Type 2 BPDs accompanied bubbles. The detection of the
Type 1 BPD is attributed to the uplift of the F region above satellite altitudes by the PRE. The detection of
the Type 2 BPDs is associated with the spatial discontinuity of the ionosphere in the region where the iono-
sphere is lifted. Bubbles are responsible for the spatial discontinuity. The appearance of bubbles in polar orbit
satellites can be asymmetric in hemisphere due to many factors including the zonal motion of bubbles, rota-
tion of the Earth, magnetic declination, and the hemispheric asymmetry of the background ionosphere. Our
results will be helpful in the interpretation of various forms of depletions in Swarm and C/NOFS observations.
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