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Abstract. Here we give two examples of low-latitude plasma 1985 Kil and Heelis 1998 Huang et al. 2001 Park et
blobs accompanied by linearly polarized perpendicular mag-al., 2005 Stolle et al, 2006§. On the other hand, low-
netic deflections which imply that associated field-alignedlatitude plasma blobs are regions of abrupt plasma density
currents (FACs) have a 2-D sheet structure located at thenhancement observed in the low-latitude ionosphere (pole-
blob walls. The estimated FAC density is of the order of ward of latitudes where EPBs generally occur). They were
0.1uA/m?. The direction of magnetic deflections points first reported byOya et al.(1986 using Hinotori satellite
westward of the magnetic meridian and there is a linear cordata from 600 km altitude.Watanabe and Oyf1986 in-
relation between perpendicular and parallel variations. Allvestigated the statistical distribution of blobs encountered
these properties are similar to those of equatorial plasma bulby the same satellite. Blobs frequently occurred (1) during
bles (EPBs). According to CHAMP observations from Au- solstices, (2) in the winter hemisphere, (3) at postmidnight
gust 2000 to July 2004, blobs show except for these two goodhours, and (4) near longitudes of EPB occurrence peaks (see
examples no clear signatures of 2-D FAC sheets at the wallgheir Fig. 10). It was speculated that trans-equatorial neu-
Generally, perpendicular magnetic deflections inside blobgral wind might play a role in blob generation. Latére

are weaker than inside EPBs on average. Our results are coet al.(2003 reported blob observations using ROCSAT-1 (at
sistent with existing theories: if a blob exists, (1) a significant 600 km altitude) and DMSP satellites (at 840 km altitude). In
part of EPB FAC will be closed through it, exhibiting similar general, blobs and EPBs were observed near-simultaneously,
perpendicular magnetic deflection inside EPBs and blobs, (2both drift upward, and their density fluctuation spectra were
the FAC closure through blobs leads to smaller perpendicusimilar in the scale range between 100 m and 10 ipark

lar magnetic deflection at its poleward/downward side, andet al.(20083 investigated the statistical distribution of blobs
(3) superposition of different FAC elements might result in a using KOMPSAT-1 and DMSP F15. The blob occurrence
complex magnetic signature around blobs. was higher in the winter hemisphere at both altitudes, cor-
roborating the result oWatanabe and Oyé1986. It was
also shown that blob latitudes are higher when the yearly so-
lar activity is higher, implying a close relationship between
EIA and blobs. Using magnetic field data from the CHAMP

. satellite (at about 400 km altitud®ark et al.(2008 re-

1 Introduction ported that blobs show reduced magnetic field strength as

well as magnetic deflections associated with field-aligned

Equatorial plasma bubbles (EPBs) are regions of plasma der}:’urrent (FAC). At CHAMP altitude blobs also occurred pre-
sity depletion at the nighttime equatorial ionosphere, WhiChdominantIy in the winter hemisphere

were first reported bBooker and Well§1938. EPBs origi- .
nate from generalized Rayleigh-Taylor instability at the bot- 't 1S Well-known that FACs flow along EPB wall\gg-
tomside ionosphere (e.§ultan 1996, and their occurrence  SON €t al. 1992 Bhattacharyya and Burk&00Q Stolle et
probability depends on Iongitude and season (ESanOda al., 2006 Pottelette et a,I2007, Park et al. 2009 AggSOﬂ

et al.(1992 observed for the first time magnetic fluctuations

perpendicular to the ambient magnetic field (hereafter, “per-

Correspondence tal. Park pendicular magnetic deflections”), which indicate the exis-
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tence of FACs. It was suggested that FACs originate from
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the divergence of ambient zonal currents at EPB walls, ancrated) ion density at a 1Hz rate. As of August 2009
they close at the poleward bottomside ionosphere (see Fig. @ll the instruments mentioned above are still in operation
in Aggson et al.1992. According to this model, FACs gen- at the altitude of~300km. All the data are available at
erate inward (outward) magnetic deflection in the Northern(http://isdc.gfz-potsdam.de/index.php
(Southern) Hemispher8hattacharyya and BurK2000 ex- The Potsdam Magnetic Model of the Earth, Ver-
tended the idea and argued that FACs are closed not only ation 4 (POMME4) is an empirical magnetic field model
the bottomside but also partly in the topside ionosphere bybased on CHAMP observationsit(p://www.gfz-potsdam.
polarization currents driven by time-varying E-fieldtolle de/magmodels/POMMB4 With the input of time, location,
et al. (2009 examined inward/outward directions of per- interplanetary magnetic field and ring current strength, the
pendicular magnetic deflections observed by CHAMP. How-model outputs a magnetic field vector in geographic coor-
ever, a significant fraction of examples were inconsistentdinate system. For the 1Hz FGM data the “residual field”
with the model suggested #yggson et al(1992 andBhat-  is defined as the difference between the FGM data and the
tacharyya and Burké000. Park et al(2009 showed that POMME4 output (mean field) in a geographic coordinate
the model is consistent with CHAMP observations only be-system. The residual field is then transformed into the mean-
fore ~22:00 LT. They argued that the assumption of an east{ield aligned (MFA) coordinate system defined as follows:
ward E-field (used i\ggson et al.1992 Bhattacharyya and “z" axis (labeled “parallel”) is parallel to the mean field,
Burke, 2000 andStolle et al, 2009 might not be valid af-  “y” axis (“zonal”) is perpendicular to the magnetic merid-
ter~22:00LT. It was also found that the perpendicular mag-ian (positive eastward), “x” axis (“meridional”) completes
netic deflections are not purely inward/outward as suggestethe triad (positive outward).
by Aggson et al(1992), but tilted westward by- 40°, which Generally, the 50 Hz FGM data cannot be transformed eas-
is consistent with the known EPB geometriddefidillo and iy into a geographic coordinate system because the required
Tyler, 1983 Mukherjee 2003 Makela and Kelley2003.  information on satellite attitude has a 1 Hz temporal resolu-
Using Amgere’s lawPark et al.(2009 estimated the FAC tion. The 50Hz FGM data are typically stored in the sen-
density to be of the order of 0.1 pAfmwhich is consistent  sor coordinate system. Therefore, we first approximate the
with the result oPottelette et ali2007) using E- and B-field  mean field vector in the sensor frame by the low-pass filtered
measurements. components of the measurements. A Savitzky-Golay filter
Although Park et al.(2008h addressed already the mag- (order 3, window size 90s) is used for it. The mean field
netic signatures of blobs, the focus of that study was putestimated in this way is used for direct transformation of the
on the decrease in magnetic field strength and the maintehigh rate magnetic field readings into the MFA coordinate
nance of pressure balance in the region of enhanced plasngystem.
density. The perpendicular magnetic deflections (FAC signa-
tures) were not discussed in detail, such as the polarization,
amplitude, or associated FAC density. In this study we will 3 Results
address the three properties given above, and interpret the
result in the context of the FAC closure mechanism aroundFigure 1 shows an example of a plasma blob observed by
EPBs. In Sect. 2 we briefly describe the instrumentation.CHAMP. Panels (a—c) show the three field components at
The observational results are given in Sect. 3, and we discust Hz in MFA coordinates, panel (d) presents the relative
them in Sect. 4. Finally, the new findings are summarized inplasma density measured by DIDM, and panel (e) the ab-
Sect. 5. solute plasma density obtained by PLP. The geomagnetic ac-
tivity was very low on the day (Dst —7 nT). In the region
marked by a red box we can find a blob: the plasma den-
2 Instrumentation sity is enhanced as shown in panels (d) and (e). The mag-
netic field strength decreases (panel c), and the perpendic-
CHAMP (Challenging Mini-satellite Payload) was launched ular magnetic deflection is outward (panel a) and westward
in 2000 into a near-polar (inclination angle: .8%) circu- (panel b). Panels (f~h) are obtained from 50 Hz FGM data.
lar orbit at an altitude of 450km. It has a flux-gate mag- Panel (f) contains a hodogram of the zonal and meridional
netometer (FGM) and an Overhauser magnetometer (OVMYesidual fields. We can find that the perpendicular magnetic
to measure geomagnetic field precisely. The FGM conductsleflection is linearly polarized in a direction tilted westward
50 measurements per second. The raw data are processfdm the magnetic meridian. The red line is the linear re-
by decimation and cross-calibration to give 1Hz level 2 gression (hereafter, “direction of maximum variance”) ob-
data in geographic coordinate system. A Planar Langmuitained by the total least square, and the angle between the
Probe (PLP) measures the plasma density every 15s. Umnregression line and x-axis (hereafter, “polarization angle”) is
fortunately, the Digital lon Drift Meter (DIDM) determin- 104. In panel (g) the black curve represent the perpendicu-
ing ion density, drift, and temperature was badly degradedar magnetic deflection along the direction of maximum vari-
during the launch, and we can only get relative (uncali-ance (hereafter, “maximum variance component”) and the
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Fig. 1. A blob example observed by CHAMPa—c)the three components of the residual field in MFA coordingtBselative plasma density
measured by DIDM(e) absolute plasma density derived from Pfp,hodogram of the zonal and meridional residual fie(d$,magnetic
deflections along the direction of maximum variance (black curve), and minimum variance (red ¢oyJ¥e)C density (red dots) and
parallel component of the residual field (blue curve).

red curve that of minimum variance axis (hereafter, “mini-  Park et al(2008H identified 52 blobs from CHAMP ob-
mum variance component”). As the maximum variance com-servations between August 2000 and July 2004. For each
ponent is much larger than the minimum variance compo-of the 52 blobs we evaluated the correlation coefficients be-
nent, FAC density can be estimated by Aéng's law froma  tween the zonal and meridional components. If the correla-
single satellite Park et al,2009: tion coefficient is above 0.6, we evaluate the maximum vari-
ance component, as shown in Fig. 1g. Only for 2 blobs both
correlation coefficients (1) between the zonal and meridional
(1) and (2) between parallel and maximum variance components
are above 0.6. One of them is shown in Fig. 1. For the other
where j, denotes FAC density,o the permeability of free ~ one (near 04:10UT on 18 January 2002, shown in Fig. 1
space; the distance along the minimum variance direction, of Park et al. 20081, the polarization angle is 15Q.e.
B the maximum variance Component, afndhe difference westward tllt) and the peak FAC denSity is of the order of
between adjacent values. The resulting FAC density is fil-0.1 LA/NT.
tered by a low-pass Savitzky-Golay filter (order 3, window Figure 2 shows another blob example observed by
size 3.625s), and given in panel (h) by red dots. Addition-CHAMP in the same format as that of Fig. 1. In the re-
ally, the blue curve in panel (h) represents the residual fieldgion marked by a red box we find a blob. While the paral-
of the parallel component, which is decreased within thelel component decreases inside the blob (panel c), associated
blob, as seen in panel (c). The FAC density is of the orderperpendicular magnetic deflections are inconspicuous (pan-
of 0.5 pA/n?. Currents flow downward at the equatorward els a and b). In contrast, EPBs observed in this orbit, e.g. the
(rightside) edge. On the poleward (leftside) side, which ex-event around 15geographic latitude, show clear perpendicu-
hibits less steep gradient and more sub-structures, FACs gettar magnetic deflections. The EPB arounti3® and the blob
erally flow upward. around4-28° geographic latitude are nea0° geomagnetic
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CHAMP  27-11-2003 UT:2327 LT:22 geographiclongitude :-16° tilted westward from vertical: similar to the EPB FAC con-
150 CHAMP/FGM ' ' T @ figuration reported irPark et al.(2009. Making use of the
] linear polarization we estimated blob FAC densities to be of
the order of 0.1 pA/h Second, for the other 50 blobs from
August 2000 to July 2004, the magnetic signature of “2-D
. . : . - FAC sheets at the walls” was not as evident. Third, perpen-
151 )] dicular magnetic deflections associated with blobs were gen-
of ] erally smaller than those associated with EPBs.
Before discussing the global context of blob FACs, the ob-
5[ a8, . . . . 7 served magnetic signatures of EPBs and blobs need to be
- - T o] compared in some detail. The blob shown in Fig. 1 is lo-
cated in the Pacific sector, where EPB activity is high around
June solstice (e.dil and Heelis 1998 Huang et al.200%;
| Park et al. 2005 Stolle et al, 2009, and in the Southern
Z, s . s s . winter Hemisphere where blobs are frequently observed (e.g.
[ cHAMPDIDM ' ' ' " (@] Watanabe and Oy4986 Park et al. 20081. This event is
accompanied by EPBs betweet8° GLAT showing mag-
netic field deflections outward and westward. Magnetic de-
MMWWA flections inside the blob have the same polarization (out-
' l = l . — ward/westward). For the other example on 18 January 2002
(00:00LT), the blob appears in the Atlantic secter5@°
\ GLON) and in the Northern winter Hemisphere with out-
WA | ward/westward magnetic deflection. EPBs on the same pass
. . ) . . _\f‘we (see Fig. 1 oPark et al.2008h also show outward/westward
-20 -10 o 10 20 30 magnetic deflection in both hemispheres. Namely, the mag-
geographic afitude (deg) netic signatures of the two blobs are polarized in the same
Fig. 2. Another blob example in the same format (with different dlrectlo.n as the accompanying E.P.BS in both hgmlspheres.
scales) as in Fig. 1. Accor_dln_g toPark et al(2009 merldlqnal m_agnenc deflec-
tions inside EPBs show hemispheric antisymmetry before
22:00 LT, but the asymmetry disappears afterwards. This is
latitude, respectively. However, the EPB exhibits a muchconsistent with our two blob events which occurred past mid-
clearer signature in the perpendicular components than th8ight. . _
blob, suggesting significant FACs associated with the EPB, Let us interpret these results in the context of the low-
Note that Figs. 1 and 2 have different scales for convenience@titude ionospheric FAC circuitStolle et al (200§ argued
but the arguments given in this paragraph remain valid everthat FACs are the source of zonal/meridional magnetic de-
when the figures are compared on the same scale. flection observed by CHAMP/FGM inside EPBs. There is
For most blobs observed by CHAMP, perpendicular mag-& consensus that those FACs are (1) generated by diverted
netic deflections were not as conspicuous as for the one i§oNnal background currents at field-aligned EPB walls and
Fig. 1. For each of the 52 blobs we filtered/rectified the (2) Closed at conjugate conducting layers at lower altitude
1 Hz FGM data with a high-pass filtef,=10's) and recorded  (Aggson et al. 1992 Bhattacharyya and Burk&00Q Stolle
the maximum amplitude of zonal/meridional deflection. The €t @, 2009. There is another consensus that blobs are near-
mean of the maximum amplitudes is30+0.31 (nT). We ~ conjugate to EPBs: no matter whether (1) the enhanced E-
applied the same procedure to EPBs, and the resulgigp  field is mapped along geomagnetic field lines to unperturbed
0.90 (nT). EIA latitudes and lifts up dense plasma from the bottomside
(Le et al, 2003 Pimenta et aJ.2004 Yokoyama et al.2007%)
or (2) the super-fountain effect accumulates plasma at the
4 Discussion poleward EPB boundarie®érk et al. 2003 Martinis et al,
2009 Krall et al, 2009. A natural consequence of these
New findings in the previous section are as follows. First,two consensi is: a blob, if any, is a part of the “conjugate
CHAMP observed two blobs in which perpendicular mag- conducting layer” of an EPB and closes a portion of its FAC.
netic deflections are linearly polarized and their maximumMoreover, the portion is expected to be significant because of
variance component is well correlated with the parallel com-higher cross-field conductivity in blobs than in the ambient.
ponent. The polarization vector was tilted westward fromthe The blob magnetic signatures shown in Figs. 1 and 2 are
magnetic meridian. The magnetic signatures imply that as-consistent with the above argument. As blobs can be the clo-
sociated FACs are 2-D sheets located at the blob walls andure paths of EPB FACs, associated perpendicular magnetic
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{a) symmetric B-field deflection (b) anti-symmetric B-field deflection
(current closure mainly in one hemisphere) {current closure in both hemispheres)

EPB western wall

EPB eastern wall e EPB eastern wall
plasma blob

EPB western wall

</ Magnetic equator i/ Magnetic equator

Longitude Longitude

Fig. 3. A schematic diagram of FAC circuits associated wih EPBs and blobgb) EPBs only (adapted version of Fig. 8 rark et al.
(2009). Yellow patches mark locations of plasma blobs.

deflections are similar in both blobs and EPBs: linear polar-crosses a blob, the weaker are the observed perpendicular
ization and westward tilt. At the topside (equatorward side)magnetic deflections.

of a field-aligned blob structure, perpendicular magnetic de- There is one interesting feature to be noted. In Fig. 1 of
flection would have comparable amplitude to that in EPBs.this paper and oPark et al(2008H the polarization senses
However, at the bottomside (poleward side), the deflectionjn the blobs and EPBs are outward/westward in both hemi-
would be much diminished due to the FAC closure at the top'spheres (hemispheric Symmetry)_ Note that both events oc-
side. Figures 1 and 2 might represent blob encounters at itsyrred past midnight. The trend is quite different for the
topside and bottomside, respectively. As perpendicular magepB events observed before 22:00 LT, which show hemi-
netic deflections were on average smaller in blobs than inspheric antisymmetry in magnetic deflections (see Fig. 3b):
EPBs, CHAMP might have been traversing blobs frequentlyjnward/eastward (outward/westward) in the Northern (South-
at their bottomside (due to its low orbit altltude) This sug- ern) HemisphereF(ark et a|" 2009 The hemispherica"y
gestions will be tested by ESA's upcomiyvarmmission  symmetric polarization implies that the closure of the FACs
(http://WWW.esa.int/esaLP/LPswarm.hbmlIt consists of 3 occurs maimy in one hemisphere_ The late (Mg_rt"“S et
satellites at 2 different altitudes, all with high-preCiSion mag- al., 2009 and winter-biased (e_gl_\/atanabe and Oya_986
netometers.Swarmcan verify whether perpendicular mag- park et al, 20083gb) appearance of solstitial blobs is consis-
netic deflections are really larger at the topside of a blob tharent with those results. During the early hours past sunset,

at its bottomside conjugate point. when blobs have not yet been formed, a balanced current
Figure 3 is a schematic diagram of the FAC circuit associ-closure in both hemispheres is maintained to produce hemi-
ated with EPBs and blobs. Recenkljf et al. (2009 andKil spheric antisymmetry in perpendicular magnetic deflections.

and Paxtorf2009 suggested that EPBs have shell structures At later (e.g. post-midnight) hours blobs occur, but generally
based on whictPark et al(2009 described the FAC circuit ©nly in the winter hemisphere so that most FACs are closed
associated with EPBs (see their Fig. 8b). This idea is furthethere. In that respect blobs can be an important part of the
extended in our Fig. 3. Note that the blob in Fig. 3a existsEPB dynamics at later local times.

in only one hemisphere, reflecting the hemispheric asymme- Let us discuss the significance of the results. Only two
try during solstices\{fatanabe and Oyd 986 Park et al. blobs out of 52 showed magnetic signatures which imply the
20084ab). Let us assume a net eastward ambient current aexistence of 2-D FAC sheets at the walls. 16 blobs among
the topside. First, FACs (orange arrows) are generated at thine others have maximum zonal/meridional magnetic deflec-
wall of the EPB due to the divergence of background currenttions less than 0.2 nT, which can be considered as a quite faint
Second, parts of FACs are closed within the EPB by polar-effect (note thaPark et al.2009 used 0.4 nT to identify sig-
ization current (blue arrow). Third, as blobs of higher con- nificant zonal/meridional deflection within EPBs). These 18
ductivity (yellow area) are located at the high-latitude EPB events can be interpreted in the context of EPB/blob FAC
boundaries, a large part of EPB FACs is closed by the Pedeircuit described above: the former two (e.g. Fig. 1) are
ersen current through blobs. Hence, the lower the satellitdblob topside observations reflecting EPB FAC signatures,

www.ann-geophys.net/28/697/2010/ Ann. Geophys., 28, 8332010
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and the latter 16 (e.g. Fig. 2) are blob bottomsides showingAcknowledgementsThe CHAMP mission is supported by the Ger-
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