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Abstract Plasma blobs represent plasma density enhancements with respect to ambient plasma. The
formation of blobs in low and middle latitudes is understood in association with either equatorial plasma
bubbles or medium‐scale traveling ionospheric disturbances (MSTIDs). This study reports four blob events
identified from the Swarm satellite observations in 2014. Those blobs show the conjugate property and the
alignment in the northwest‐southeast direction in the Northern Hemisphere and southwest‐northeast
direction in the Southern Hemisphere. These are the typical characteristics of nighttime MSTIDs. The
observation ofMSTIDs in the total electron content maps and the absence of bubbles in the equatorial region
at the times of the blob detection further support the association of those blobs with MSTIDs.

Plain Language Summary Three distinguishing mesoscale irregularity structures of the electron
density in the low and middle latitude ionosphere are plasma bubbles, plasma blobs, and medium‐scale
traveling ionospheric disturbances (MSTIDs). Bubbles and blobs are plasma density depletions and
enhancements, respectively, with respect to ambient plasma. MSTIDs are a wave‐like modulation of the
plasma density. Bubbles andMSTIDs are independent phenomena created by different mechanisms, but the
formation of blobs is understood in association with either bubbles or MSTIDs. Our study reports blobs
identified from Swarm satellite observations that show some of the characteristics of MSTIDs.

1. Introduction

Two notable mesoscale ionospheric structures in low andmiddle latitudes are bubbles andmedium‐scale (or
mesoscale) traveling ionospheric disturbances (MSTIDs). Bubbles appear as plasma depletions relative to
ambient plasma in the equatorial region and have elongated structures in the north‐south direction.
MSTIDs are a wave‐like modulation of the plasma density and are often observed in middle latitudes.
Another mesoscale ionospheric structure in low and middle latitudes is plasma blobs, which represent the
plasma density enhancements relative to ambient plasma. Bubbles and MSTIDs are understood as indepen-
dent phenomena because they develop by different physical processes and occur at different latitudes.
However, blobs are considered in association with either bubbles or MSTIDs. The origin of blobs has been
questioned because blobs do not show the characteristics of known phenomena. Blobs sometimes occur with
other density fluctuations and can be understood as a part of a wavelike structure. However, this observation
does not provide useful information about the origin of blobs because a wave characteristic exists in other
ionospheric phenomena including bubbles and MSTIDs. Moreover, the amplitude of a blob is distinguished
from the amplitudes of the density fluctuations around the blob.

The idea of the bubble‐blob connection is based on the observations of bubbles and blobs at the same mag-
netic meridian (Huang et al., 2014; Le et al., 2003; Martinis et al., 2009; Park et al., 2003; Yokoyama et al.,
2007) and a certain level of similarity in the distributions of bubbles and blobs (Huang et al., 2014; Park
et al., 2008). Numerical simulations have also shown the formation of blobs when bubbles develop (Krall,
Huba, Joyce, et al., 2010, Krall, Huba, Ossakow, et al., 2010). However, the detection of blobs in the absence
of bubbles indicates that bubbles are not a prerequisite for the development of blobs (Kil, Choi, et al., 2011,
2015). The idea of the MSTID‐blob connection is supported by the observations of blobs at the locations of
MSTIDs (Kil & Paxton, 2017; Miller et al., 2014) and some similarities in the occurrence climatology of blobs
and MSTIDs (Choi et al., 2012; Haaser et al., 2012).

So far, the causal linkage of blobs with bubbles or MSTIDs is asserted by their coincident occurrence at the
same magnetic meridian. However, the coincident observation of two phenomena (“blob and bubble” or
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“blob and MSTID”) does not corroborate their connection; we need knowledge of the occurrence of both
bubbles and MSTIDs because they can occur simultaneously. The observations by the formation flight of
Swarm satellites provide information on the spatial structure of blobs. Our study uses this information for
the assessment of the source of blobs. The total electron content (TEC) perturbation maps over Japan are
used to support the interpretation of Swarm observations.

We report four blob events identified from the Swarm observations in 2014. The Swarmmission is described
in section 2. In section 3, we present the observations of Swarm and TEC perturbation maps. The conditions
required for the formation of blobs are discussed in section 4. Conclusions are given in section 5.

2. Description of Swarm Mission

Swarm is the European Space Agency's mission designed for high‐precision and high‐resolution measure-
ments of the Earth's magnetic field. The Swarm mission consists of three satellites: Swarm‐Alpha
(Swarm‐A), Swarm‐Bravo (Swarm‐B), and Swarm‐Charlie (Swarm‐C). Swarm satellites were launched on
22 November 2013 into near circular polar orbits. Swarm‐A and Swarm‐C are flying side by side, maintain-
ing a longitudinal distance of about 1.5° at an altitude of ~470 km with an orbital inclination of 87.5°.
Swarm‐B is a stand‐alone satellite with a slightly different orbit (altitude: ~520 km, inclination: 88°). The
payloads of each satellite are a vector field magnetometer, an absolute scalar magnetometer, an electric field
instrument, an accelerometer, and laser range reflector. The electric field instrument consists of a Langmuir
Probe (LP) and thermal ion imager. Our study uses the measurements of the electron density by LP. The data
sampling cadence of LP is 0.5 s.

3. Observational Results

We have manually looked for blobs orbit by orbit by examining the Swarm observations in 2014. Some blobs
occur simultaneously with bubbles at the same magnetic meridian, and some blobs occur in the absence of
bubbles. Here we present four blob detections that we can specify their sources based on their spatial struc-
tures. Two events were detected by two satellites near Japan, and two other events were detected by three
satellites near 160°E and 285°E longitudes.

Figure 1a shows the measurements of the electron density by Swarm‐A and Swarm‐C on 11 February 2014.
Swarm orbits are shown in Figure 1b. The locations of blobs are indicated by horizontal black bars in the
density plots and vertical black bars in Swarm orbit plots. In Figure 1a, the locations of blobs are symmetric
with respect to the magnetic equator. Note the alignment direction of the blobs in Figure 1b. By connecting
blobs A and C in the NorthernHemisphere we can identify their alignment in the northwest‐southeast direc-
tion. Blobs B and D in the Southern Hemisphere are aligned in the southwest‐northeast direction. These
alignments along with the conjugate property are the typical characteristics of nighttime MSTIDs
(Martinis et al., 2011; Otsuka et al., 2004; Saito et al., 2001). The Swarm observations do not show the instan-
taneous blob structure because the Swarm‐C spacecraft is ahead of the Swarm‐A spacecraft by about 25 min.
MSTIDs at night propagate toward the southwest in the Northern Hemisphere and toward northwest in the
Southern Hemisphere (Otsuka et al., 2004). If we interpret those blobs in terms of MSTIDs and consider the
propagation direction of MSTIDs, blobs C and D were located further north and south, respectively, from
their current locations at the times of the blobs A and B detection. The TEC perturbation maps, produced
by subtracting the 1‐hr running average, are shown for 22:20 and 22:50 UT in Figure 1c. Wave‐like TEC
modulations are not obvious in the TEC perturbation maps. However, we can trace the southwestward
movement of the TEC enhancement (black circle) with time by comparing the two maps. If the TEC
enhancement extends to the northwest direction following the typical MSTID alignment, this matches the
locations of blobs A and C. Because the absolute TEC value is about 20 total electron content unit (TECU)
(1016/m2) at the location of the black circle, the TEC enhancement of 0.3 TECU corresponds to 1.5% increase
in TEC. In satellite observations, the plasma density at the blobs is greater than that of the ambient by
40–60%. Thus, blobs are pronounced features in satellite observations, but they are not in TEC maps.

We can identify the simultaneous occurrence of blobs and bubbles at the same magnetic meridian using
Swam observations. Swarm orbits are nearly parallel to the magnetic meridian in the Asian sector.
Irregularities or bubbles are absent in the equatorial region in Figure 1a, and therefore, we interpret that
those blobs have no connection with bubbles. One may argue that the Swarm observations do not provide
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accurate knowledge about bubbles at night because the observations were made at the time (7.0 hr LT) when
the majority of bubbles decay away. However, we have identified the absence of bubbles in that longitude
region on that night from the Communication/Navigation Outage Forecast System satellite observations.

Figure 2 is the same format as Figure 1 for the Swarm observations on 3 May 2014. The Swarm‐A observa-
tions near the longitudes of Japan on 2May 2014 are shownwith black curves in Figure 2a. If we consider the
structure of the background ionosphere being represented by black curves, then the features A–D are clearly
perturbations. Those blobs are detected near midnight at ±20–25° magnetic latitudes. The alignments of the
pairs of blobs in Figure 2b are in the northwest‐southeast direction in the Northern Hemisphere (blobs A and
C) and in the southwest‐northeast direction (blobs B and D) in the Southern Hemisphere. Because the time
difference of the two Swarm satellites is only 6 min, the alignments are close to the instantaneous structure
of the blobs. The TEC perturbation maps in Figure 2c show the development of wave‐like structures at the
locations of blobs. The wave structures have the typical characteristics of MSTIDs in the Northern
Hemisphere; they are aligned to the northwest‐southeast direction and propagate to the southeast direction.
Bubble signatures do not appear in the equatorial region in Swarm observations (Figure 2a).
Communication/Navigation Outage Forecast System data do not show bubbles in that longitude region
either for this day and time.

Occasionally, three Swarm satellites fly side by side and provides information on the blob structure over a
broader range. Figure 3 shows the Swarm observations and orbits on (a) 11 February 2014 and (b) 2
September 2014. Blobs are detected near midnight on both nights. The alignments of blobs on both nights
are consistent with those observed near Japan in Figures 1 and 2. The time difference of the three orbits
on 11 February 2014 is less than 20 min. On 2 September 2014, the Swarm‐B observation was made about
an hour after the Swarm‐A and Swarm‐C observations. If we assume that the blobs are associated with
MSTIDs and the MSTIDs propagate toward southwest with a typical velocity of 50~100 m/s (Shiokawa et al.,
2003), the location of the blob detected by Swarm‐B is about 2–3° north from its current location at the time
of the blob detection by Swarm‐A and Swarm‐C. After this adjustment the three blobs are nicely aligned in
the northwest‐southeast direction. Although we cannot identify the development of MSTIDs in those
regions using TECmaps, the blob structure and the absence of bubbles in the equatorial region indicate that
MSTIDs are the plausible sources of those blobs. In Figure 3b, the development of blobs is not as obvious in
the Southern Hemisphere. Density fluctuations instead of blobs appear at the conjugate locations of the

Figure 1. (a) Swarm‐A and Swarm‐C observations of the electron density on 11 February 2014. The observations were
made around 7.0 hr LT. The locations of blobs are indicated by black horizontal bars. (b) Swarm‐A (red) and Swarm‐C
(blue) orbits with the detection locations of blobs (black lines). The black dashed line indicates the magnetic equator.
(c) Total electron content perturbation maps at 22:20 and 22:50 UT with Swarm‐A and Swarm‐C orbits by red and blue
arrows, respectively. Black circles indicate the total electron content enhancements that might be related to blobs A and C.
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blobs in the Northern Hemisphere. We have identified several blob events that are pronounced only in one
hemisphere. This phenomenon can be understood by either the absence of conjugacy or the modification of
blob structures by local ionosphere/thermosphere conditions. We do not yet have sufficient knowledge on
how often blobs show the conjugate property.

4. Discussion

The spatial structure of the blobs that we report provides strong evidence of the association of blobs with
MSTIDs. The MSTID signatures in the TEC perturbation maps at the locations of the blobs and the absence

Figure 2. (a) Swarm‐A and Swarm‐C observations of the electron density on 3May 2014. The observations were made just
after midnight. The Swarm‐A observations near the longitudes of Japan on 2 May 2014 are shown with black
curves to infer the background structure of the ionosphere in the region. The locations of blobs are indicated by black
horizontal bars. (b) Swarm‐A (red) and Swarm‐C (blue) orbits with the detection locations of blobs (black lines). (c) Total
electron content perturbation map at 15:20 and 15:50 UT with Swarm‐A and Swarm‐C orbits.

Figure 3. Swarm‐A, Swarm‐C, and Swarm‐B observations of the electron density and their orbits (a) on 11 February 2014
and (b) on 2 September 2014 and their orbits. The locations of blobs are indicated by black bars.
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of bubbles at the times of the blob detection further support the association of those blobs with MSTIDs. The
conditions for the development of blobs from MSTIDs are an interesting science question, but this topic is
out of the scope of our study; numerical simulations of MSTIDs under various ionospheric and thermo-
spheric conditions are necessary to address this question. Here our discussion focuses on the physical pro-
cesses in the ionosphere and thermosphere required for the explanation of blobs.

The variation of the plasma density at night in the low and middle latitude ionosphere is closely related to
the changes in neutral composition and ionospheric height. The effect of neutral composition on the
plasma density is pronounced in high and middle latitudes during geomagnetic storms (e.g., Crowley
et al., 2006; Kil, Kwak, et al., 2011; Prölss, 1995). In general, the effect of the neutral composition change
on the ionosphere results in the plasma density reduction in the F region. The expansion of the atmo-
sphere by the heating of the atmosphere (a decrease in the ratio of atomic oxygen number density to
molecular nitrogen number density [O/N2 ratio]) increases the plasma loss rate by enhancing the loss
path through the dissociative recombination of oxygen ions. The opposite phenomenon (plasma density
enhancement by the reduction of molecular gasses in the F region or an increase in the O/N2 ratio)
can occur in the region where neutral winds converge. However, a significant plasma density enhance-
ment by the neutral composition change, especially during nonstorm periods, has not yet been reported.
If the change in neutral composition played a significant role in the formation of blobs, the TEC enhance-
ment would also be significant at the locations of blobs. However, the TEC enhancement at the locations
of blobs was less than 2% supporting the idea that a blob is a not a plasma density enhancement in the
total column.

Uplift of the F region peak is a more realistic formation mechanism for blobs. We note that the uplift cannot
be so severe as to move the F peak height above the satellite altitude. Otherwise, a plasma depletion (or bub-
ble) instead of a blob would appear in satellite observations. The F region can be lifted along magnetic field
lines by neutral drag or perpendicular to the field lines (i.e., E × B drift) by an electric field. The upward
plasmamotion at the locations of blobs with respect to the background ionosphere is identified from satellite
observations (Le et al., 2003; Park et al., 2003). We do not have ionosphere/thermosphere observation data
for the assessment of the contributions of the two effects, but the conjugate property in blobs and the align-
ment of blobs into a specific direction in both hemispheres indicate the involvement of electric fields in the
formation of blobs. The neutral drag, which is effective locally, may cause the hemispheric asymmetry in the
blob intensity. In the Northern Hemisphere, the alignment of MSTID phase fronts in the northwest‐
southeast direction produces a plasma density inhomogeneity in the direction perpendicular to the align-
ment. Winds (U) induce the Pedersen current in theU× B direction, and polarization electric fields develop
due to the inhomogeneity in the Pedersen current (Makela & Otsuka, 2011; Otsuka et al., 2009). Blobs can
arise from the eastward components of the polarization electric fields in the low density or high density
region depending on the wind direction (e.g., Kil, Choi, et al., 2011).

We estimate the magnitude of the required uplift for the explanation of the observed blobs using a model
ionosphere. Figure 4a shows the profiles of the electron (black dashed line), oxygen ion (blue), and hydrogen
ion (red) densities at 15.5 hr UT (0.17 hr LT) on 3 May 2014 at 130°E longitude and 30°N latitude obtained
from the International Ionosphere Reference model. The model data are chosen to compare with the blobs
in Figure 2. The percentage changes of the electron density at the altitudes of 500 km (black), 600 km (blue),
700 km (green), and 800 km (red) by the simple uplift of the whole ionosphere are shown in Figure 4b. The
percentage increase of the density is greater at the lower part of the topside F region. At an altitude of
500 km, the uplift of the ionosphere by 50 km causes about 50% increase in the density. The changes of
the oxygen ion and hydrogen ion densities at an altitude of 500 km are shown in Figure 4c as a function
of the magnitude of the uplift. As expected, the uplift produces the anticorrelation between the oxygen
and hydrogen ion densities. This anticorrelation at the locations of blobs is identified by observations (Kil,
Choi, et al., 2011). The detection of blobs in Figures 1–3 can be explained by the uplift of the ionosphere
by 20–70 km. Assuming an effective vertical velocity of 50 m/s, the ionosphere is lifted up to 50 km in
1,000 s (16.7 min).

The ionospheric changes associated with the uplift will be much more complex than our simple calculations
described above. TEC does not change in our calculation because the whole F region is simply moved verti-
cally. However, the uplift of the ionosphere accompanies the plasma redistribution along magnetic field
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lines and the plasma density enhancement in the total column by the reduction of the loss rate of the oxygen
ion. These processes can affect the TEC at the location of a blob.

5. Conclusions

The formation flight of Swarm satellites provides a unique opportunity to identify the horizontal structure of
blobs. From a preliminary survey of Swarm observations at low and middle latitudes in 2014, we have iden-
tified blobs that show the conjugate property and the alignment in the northwest‐southeast direction in the
Northern Hemisphere and in the southeast‐northwest direction in the Southern Hemisphere. These are the
characteristics of nighttime MSTIDs. The detection of MSTIDs by TEC perturbation maps near the locations
of the blobs and the absence of bubbles in the equatorial region at the times of the blob detection further
support the association of those blobs with MSTIDs. However, we do not know yet to what extent the
creation of blobs can be attributed to MSTIDs and under what conditions blobs develop from MSTIDs.
Statistical analysis of the characteristics of blobs and numerical simulations of MSTIDs under various
ionosphere/thermosphere conditions are necessary to address these questions.
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