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Abstract. Radio tomography and the EISCAT and Super- always straight-forward, with different techniques using dif-
DARN radars have been used to identify long-lived, high- ferent criteria to define a patch. A comprehensive review of
altitude, cold plasma in the antisunward convective flowthe structures and associated phenomena has been given by
across the polar cap. The projection of the feature to lateiCrowley (1996).

times suggests that it was reconfigured in the Harang discon- pojar patches are found when the interplanetary magnetic
tinuity to form an enhancement that was elongated in longi-fie|d (IMF) B, component is negative (McEwen and Har-
tude in the sunward return flow of the high-latitude convec-yis 1996). They drift anti-sunward in the cross-polar flow
tion pattern. Comparison with a tomographic image at a laterat speeds of typically between 300 and 1000ths The
time supports the interpretation of a polar patch being reconpatches have been observed in both winter and summer
figured into a boundary blob. There is also evidence for agt sunspot maximum and minimum (Buchau and Reinisch,
second plasma enhancement equatorward of the reconfigurego1) and in geomagnetically conjugate regions (Rodger et
blob, likely to have been produced by in situ precipitation. a1, 1994a). Complete understanding of the mechanisms re-
The observations indicate that the two mechanisms proposeghonsible for the increased density is still open, with both
in the literature for the production of boundary blobs are op-soft-particle precipitation (Weber et al., 1984) and photoioni-
erating simultaneously to form two distinct density featuressation at sub-polar latitudes (Buchau et al., 1985) being cited.

separated slightly in latitude. Experimental evidence is increasingly supportive of the lat-
Keywords_ |Onosphere (|onosphere_magnetosphere interacter idea, Suggesting that daySide phOtOionisation from lower
tions; Plasma convection; Polar ionosphere) latitudes is entrained into the polar convection pattern and

is subsequently structured into discrete patches. Patch den-
sity levels comparable to those at dayside sub-auroral lati-
tudes were reported by Buchau et al. (1985), whilst the ob-
servations of Pryse et al. (2004) indicated that the enhanced
The polar ionosphere is highly complex containing structuresdenSIty could have originated n the postnoon sect.or, near
in electron density with a wide range of spatial scale sizes.the equatorward e_dge of the high-latitude convection pat-
Of relevance to the current study are density enhancementt]é:m' The observations of Valladares et al. (19_94) suggested
on horizontal scales 6+100s to 1000 s km in the F-region, that the plasma convected from sub-auroral latitudes into the
known as polar patches. These patches were studied first yBolar cap in a tongue-of-ionisation (TOI), and supportive
?wdence for a latitudinally-extended feature near magnetic

ing ionospheric sounders and airglow emissions (Buchau e .
alfg, 1983;pWeber et al., 1984), bu% they have sinc(e been in°0N Was presented by Sims et al. (2005). The break-up of

vestigated by a variety of experimental techniques, includin _the TQI into patches has be_en attributed to many processes,
radio scintillation (Buchau et al., 1985), incoherent scatterInCIUdlng temporal changes in the plasma convection pattern

radar (Pedersen et al., 1998), HF radar (Ogawa et al., 199 ue to variations n the IMF5, comppnent (Sojka et al.,
and radio tomography (Walker et al., 1999). However, com- 993), the expansion of the convection throat of the polar

arisons of features observed by different techniaues are nd2P to lower !atitudes (Anderson et al., 1988) and increased
par 3 v yd qu plasma loss in flow channel events (Rodger et al., 1994b),

Correspondence tdS. E. Pryse but the balance of the contributions of the different mecha-
(sep@aber.ac.uk) nisms remains an open question. Modelling studies of the
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Fig. 1. Tomography image for a southbound satellite pass crossing the latitudé€ bff &517:20 UT on 14 November 2002. The pink
horizontal line indicates the observed latitudinal extent of enhanced densities at an altitude of 350 km. The line extends from the equatorward
edge of the enhancement in the antisunward flow, defined by €% m—2 electron density contour, to the poleward extreme of the
field-of-view. The vertical grey line shows the location of the flow reversal boundary between sunward and antisunward flow identified by
the SuperDARN electric potential map at 17:16 UT. The red line néaN7Bdicates the observing direction of the EISCAT Svalbard Radar

42-m dish.

polar ionosphere have shown that the TOI can be modulatethus remains open to debate. This current paper presents

by IMF By, the season and UT effects (Sojka et al., 1993;a case study in support of formation by re-configuration of

1994) as it is drawn antisunward from the dayside across the polar patch, as suggested by the earlier modelling study.

polar cap. A subsequent study discussed the dependency éfowever, a second field-aligned enhancement was also ob-

the UT modulation on the observing location, by consider-served in the region of return, sunward flow that was consis-

ing three locations in different longitude sectors (Bowline at tent with production by soft-particle precipitation. The un-

al.,, 1996). This indicated that the feature was expected talerstanding of the occurrence and formation of the boundary

be prominent at NyAlesund in the European sector in the blobs is of relevance to the mitigation of propagation effects

evening under conditions d, negative. on radio systems, where steep density gradients at the pole-
An earlier modelling investigation by Robinson et ward edge of the mid-latitude trough can present particular

al. (1985) suggested that a polar density enhancement couleroblems (Pryse et al., 2006).

be drawn out of the polar cap on the nightside through the

Harang discontinuity. Further restructuring of the feature in

the zonal convective flow might result in a longitudinally ex- 2 Experimental facilities

tended, but latitudinally-confined boundary blob in the re-

turn sunward convection flow of the auroral region. Exper-2.1 Radio tomography

imental observations of the boundary blobs in the evening

auroral ionosphere have been reported by Rino et al. (1983Jhe radio tomography experiment operated by the Univer-

and Jones et al. (1997). It was suggested that the featursity of Wales Aberystwyth comprises a chain of receivers at

in the former study was produced by localised precipitation,four locations in northern Scandinavia, separated in latitude

while the blob in the latter study was observed by the EIS-but aligned essentially in longitude: Wesund (78.9N,

CAT radar to be produced in situ by ongoing soft-particle 12.0° E; 76.0 MLAT, 112.3° MLON), Longyearbyen

precipitation. The mechanism of formation of such blobs(78.2 N, 15.7 E; 75. MLAT, 113.0° MLON), Bjgrngya
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EISCAT Svalbard Radar: 14 November 2002
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Fig. 2. Electron densities (top panel) and temperatures (bottom panel) measured by the EISCAT Svalbard Radar 42-m dish observing along
the geomagnetic field.

(74.5 N ,19.0 E; 71.3 MLAT, 108.8° MLON) and Tromsg in the Southern Hemisphere. These radars measure the line-
(69.8 N, 19.0 E; 66.F MLAT, 103.4° MLON). Phase co- of-sight velocity of the F-region convection flows. The ob-
herent signals from the polar orbiting satellites of the Navy servations can be inverted using the spherical harmonic fit-
lonospheric Monitoring System (NIMS) are received at eachting technique described by Ruohoniemi and Baker (1998)
site to measure total electron content along the satelliteto produce global maps of the ionospheric convection pat-
to-receiver ray paths. The collective observations during aern and the high-latitude electric potential, which are used
satellite pass from a large number of intersecting ray-pathsn the present study.

are inverted in a tomographic algorithm to yield the spatial

distribution of electron density in a height-versus-latitude ) )

plane through the ionosphere (Pryse, 2003 and referenced EXperimental observations

therein). . .
3.1 Radio tomography image 17:20 UT, 14 November

2.2 EISCAT Svalbard radar 2002

The international European Incoherent Scatter radar (EISThe tomographic image for a southward satellite pass that
CAT) facility comprises instrumentation on mainland north- crossed the geographic latitude of*1é at 17:20 UT on
e Scandinavia and at Longyearbyen on Svalbard. Of part4 November 2002 is shown in Fig. 1. The image reveals
ticular interest to the current work are measurements of iono@n ionosphere structured in latitude with a density enhance-
spheric electron density and temperature made by the stati@entin the northern field-of-view. The enhancement gxtends
42-m dish of the EISCAT Svalbard radar (ESR) (P&  from about 74 MLAT to beyond the poleward extremity of
16.7° E 75.0' MLAT, 113.1° MLON,) which observes along  the field-of-view and has a density maximum of greater than
the local geomagnetic field line in the F-region. 6x 10t m~3 near 77.8 MLAT. Its latitudinal extent is high-

lighted by the horizontal pink line at an altitude near 350 km,
2.3 Super dual auroral radar network which extends poleward from thex40''m—3 contour on

the equator-most side of the feature. A second, smaller en-
The Super Dual Auroral Radar Network, SuperDARN, hancementis also to be seen at a similar altitude, centred near
(Greenwald et al., 1995) consists of nine coherent scatte?7® MLAT with density levels reaching some 330 m~3.
radars at high latitudes in the Northern Hemisphere and sevemhe vertical grey line down the image indicates the location

www.ann-geophys.net/24/2201/2006/ Ann. Geophys., 24, 222118-2006
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Fig. 3. SuperDARN electric potential maps for 17:16 UT (first panel), 17:40 UT (second panel) and 18:02 UT (third panel) on a magnetic
latitude versus MLT polar plot. The latitudinal extent of the polar patch as observed at 17:20 UT is mapped onto the first plot and is shown
by the pink portion of the satellite trajectory mapped to 350 km. The anticipated locations of the enhancement following projection through
the electric potential patterns are shown by the pink curves in the subsequent panels. The electron density enhancement observed in th
tomography image at 18:02 UT lies in the return flow and is indicated in the bottom panel by the short dark blue line on the trajectory for

this pass.

of the flow-reversal boundary between the cross-polar antiparent in the panels. In the earlier part of the data record be-
sunward flow and the return flow of the dusk convection cell, fore about 16:45 UT, the F-region layer peak is below 300 km
identified from the SuperDARN measurements (Sect. 3.3). and the sporadically increased electron temperatures are in-
dicative of ongoing soft-particle precipitation. At later times
3.2 EISCAT Svalbard Radar 16:00 UT-18:15 UT, the maximum height of the F-region peak is closer to 400 km
14 November 2002 and electron temperatures are consistently low. It can also
be noted that significant temporal structure can be seen, with
The electron densities and temperatures measured by thghanges in peak density by at least a factor of two taking
42-m dish of the ESR radar between 16:00 UT and 18:15 UTplace on a time scale of minutes. At about 17:20 UT the
are shown in the two panels of Fig. 2. The fixed observingradar beam was close to the plane of the tomography image.
direction of the dish (Azimuth: —179%:0Elevation: 81.6) is Its pointing direction is indicated by the red line neaf RBn
aligned along the magnetic field. Two clear regimes are apFig. 1. The density at the peak was measured between 3 and

Ann. Geophys., 24, 2202208 2006 www.ann-geophys.net/24/2201/2006/
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4x10"m=3, in broad agreement with the tomographic ob- the electric field from the potential gradients. The field was
servation at the same location. The high altitude of the layerinitially determined at regular intervals of §eographic lat-
peak and the low electron temperatures at this time indicatéude along the line through the feature in the first panel,
that the density enhancement in the tomography image comthen each of these points was projected forward in location
prised long-lived cold plasma, created well before the obserwith the velocity of theE x B drift through a time interval
vation and convected into the field of view. It can be notedof 2 min. The process was repeated on the same points using
that the altitude of the layer peak, marginally above 400 km,potential patterns at 2-min separation until 18:02 UT. The
is higher than in the tomographic image. However, it mustcentre panel of Fig. 3 shows an intermediate projection of
be recalled that, in addition to small differences in the co-the polar patch for the 2-min interval starting at 17:40 UT,
location of the measurements, the radio tomographic techwith the third panel showing the final projected location at
nique is limited in its ability to reconstruct precisely the verti- 18:02 UT. It can be seen that in the latter plot the equator-
cal distribution of the electron density (Pryse, 2003), thoughward edge of the patch lies in the sunward return flow of the
this restricted ability to determine the exact height of the peakdusk cell, while the poleward extreme extends towards the
does not detract from the validity of the present study. return flow of the dawn cell, with the overall feature now be-
ing drawn out in longitude along the auroral region.
3.3 SuperDARN electric potential maps 17:16 UT—
18:04 UT, 14 November 2002 3.4 Radio tomographic image 18:02 UT, 14 November
2002

Measurements in the solar wind upstream of the Earth in-
dicated that the IMF was exerting a reasonably constant inThe radio tomographic image for a later southward satellite
fluence on the polar ionosphere at the time of interest. Obpass at 18:02 UT is shown in Fig. 4. Of particular interest is
servations by the ACE spacecraft, with appropriate adjustthe density enhancement betweef BRAT and 70> MLAT,
ment of just over 1 h for the delay between measurement ands defined by the:310' m~2 contour. Its latitudinal cross-
the ionospheric flow-response, showed that the clock angleection is indicated by the horizontal dark blue line. The tra-
was dominated by an IMB, component with values be- jectory of the satellite pass mapped to an altitude of 350 km
tween —7 nT and —4 nT, whilst thB, component fluctuated is shown by the grey line in the third panel of the electric
between +4nT and —4 nT. The electric potential maps frompotential patterns of Fig. 3. The short dark blue segment
the SuperDARN radars, examined at 2-min intervals, wereon the trajectory corresponds to the latitudinal cross-section
correspondingly reasonably stable with each showing a dawithrough the density enhancement identified in the tomogra-
cell that was larger and more rounded than the dusk cell, irphy image, and is seen to lie in the sunward return flow of the
keeping with the negativé, component. The pattern for dusk cell almost coincident with the projection of the polar
the interval starting at 17:16 UT is shown in the first panel of patch.
Fig. 3, in terms of magnetic latitude and MLT with local noon
at the top. The time corresponds to the time of observation of
the main enhancement in Fig. 1, just before theN®&ross- 4 Discussion
ing of the NIMS satellite at 17:20 UT. Also shown in the pan-
els of Fig. 3 are the horizontal velocity vectors derived from Experimental observations have been presented of a large-
the ionospheric backscatter measured by the radars, whiccale density enhancement on the nightside of the antisun-
have been used to shape the electric potential patterns. In thgard plasma flow across the polar cap ionosphere. The
ionospheric F-region, thE x B drift transports plasma along high altitude and cold electron temperatures suggest that the
the equipotential contours, so that at the time of interest ther@lasma had been produced upstream at an earlier time. In
was a general antisunward flow across the polar cap, slightlyhe absence of a local solar EUV or impact ionisation source,
displaced towards dusk, consistent with the patterns of Cowthe plasma decays at the lower altitudes where recombina-
ley et al. (1991). The trajectory of the 17:20 UT tomography tion rates are higher. A horizontal cross-section through the
satellite pass mapped to 350 km is shown in the first paneknhancement was projected forward in time using the Super-
by the grey and pink line that extends from about BILAT DARN electric potential maps. A later tomographic image
to 80° MLAT in the evening sector. The pink northern-most showed good agreement of a density enhancement with the
part of the trajectory corresponds to the latitudinal extent ofprojected location of the convecting plasma. The results sug-
the polar density enhancement marked in Fig. 1. It can beyest that the plasma at the lower latitudes of the polar patch
seen that the enhancement lies exactly in the antisunwartlad been carried through the Harang discontinuity and elon-
plasma flow between the two cells. Also shown on the panelated in the return sunward flow of the dusk cell to form a
is the intersection of the ESR radar at the corresponding timeboundary blob in the auroral evening sector. By contrast, the

Plots similar to those of Fig. 3 were used to project the de-projection indicates that the ionisation seen at the highest lat-
velopment of the plasma feature indicated on the first paneltudes in the tomographic image of Fig. 1 was swept around
forward in time, by estimating the strength and direction of the dawn cell, though regrettably experimental evidence in

www.ann-geophys.net/24/2201/2006/ Ann. Geophys., 24, 222118-2006
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Tomographic Image: 14 Nov 2002 18:02 UT
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Fig. 4. Tomography image from a southbound satellite pass crossing the latitudeNfat3.8:02 UT on 14 November 2002. The dark blue
horizontal line indicates the latitudinal extent of the density enhancement of interest in sunward return flow as definec bg'the33

electron density contour. The vertical grey line shows the location of the flow reversal boundary between sunward and antisunward flow at
18:02 UT.

the form of another tomographic image is not available forof the radar field-of-view, although knowledge of the spa-
confirmation in this case. tial and temporal structure of the convective flow on such

The expected decay of the electron densities can be est{—'ne scales is well beyond the capabilities of the measurement

mated along the projected path. Calculations, using the re_echnlques available.
combination coefficients quoted by Brekke (1997) show that

a density of 410" m™* at 350 km i cold plasma might be a boundary blob in the evening auroral ionosphere. Us-

1011 m-3 i
expecte_d 0 decreage to3. > m =, n the absence of any ing observations by the Chatanika radar they suggested that
production mechanism, during the time interval of 46 min be- SO

the structure may have been produced by precipitation of

tween the two tomography images. The difference betWeerl‘ow-ener electrons from the inner edge of the central
the chosen level of 410'*m~2 in the image for the ear- 9y 9

lier time and that of %10t m~3 in the second plot is thus plasma sheet. EISCAT radar measurements reported by

broadly consistent with this decay, given the uncertainties inJones etal. (1997) showed that the feature, tracked over many

o . hours, was a field-aligned structure associated with bursts of
the recombination rates and the accuracy of the density est||- oo : : .
) atitudinally-localised increases in the electron temperature
mates from the image. : . L R
in the F-region, a clear indication of production in situ by
The variability seen in the temporal observations madesoft-particle precipitation. Tomographic reconstructions of
by ESR suggests that the density enhancement in the tomdhe mid-latitude ionosphere confirmed that such an enhance-
graphic image was probably a polar-cap patch rather thament formed the poleward edge of the mid-latitude trough
a steady tongue of ionisation (TOI). The cold nature of the(Kersley et al., 1997). A more recent investigation, aimed
plasma seen at high-altitude indicates that it was likely toat characterising the morphology of the trough for the vali-
have originated earlier, upstream on the dayside, and wadation of ionospheric models, showed that a boundary blob
carried into the region of observation in a TOI that had beencould be identified at the poleward wall for soréeof the
modulated into patches. A less-likely alternative interpreta-600 troughs studied (Pryse et al., 2006). However, the pro-
tion might be of a uniform TOI moving spatially in-and-out duction mechanism behind the formation of the blob still

Rino et al. (1983) were the first to present the idea of

Ann. Geophys., 24, 2202208 2006 www.ann-geophys.net/24/2201/2006/
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remains open to debate and the observations presented hegarly investigation, trying to compare electron densities in

provide experimental evidence for plasma reconfiguration, aglifferent longitudinal sectors using limited incoherent scatter

opposed to impact ionisation from soft particle precipitation, radar data, was presented by de |la Beauvpmedét al. (1985).

thus supporting the original modelling work of Robinson et However the establishment of radio tomography chains by

al. (1985). the International lonospheric Tomography Community now
In view of the conflicting evidence in the literature sup- opens up the possibility of routine comparisons of density

porting two distinct physical mechanisms for the production structures in different geographic regions.

of boundary blobs, it is interesting to see the presence of a

narrow field-aligned enhancement at 6aVELAT in the to-

mographic image at 18:02 UT (Fig. 4). The location of this 5 Conclusions

feature is equatorward of the enhanced densities that have

mapped from the earlier image and interpreted as a reconRadio tomography, EISCAT and SuperDARN observations
figured patCh. This narrow structure has an electron denSitylave been used to |dent|fy a |ong-|ived enhanced density fea-
at the layer peak similar to that of the reconfigured patch.tyre in the cross-polar antisunward plasma flow. The pro-
but the altitude of the peak is lower. The field alignment jection of its location using the electric potential maps, from
and lower altitude are both in keeping with production by its initial observed location to a final position some 46 min
localised soft precipitation. While impact ionisation cannot |ater, indicates that it may have been reconfigured in the mid-
be established COﬂClUSively, it can be noted that Simultanenight sector to form a p|asma enhancement extended lon-
ous measurements to the south, by the EISCAT UHF radagitudinally in the sunward return flow. Comparison of the
on mainland Norway, showed evidence of localised precipi-projection with a later tomographic image at the end of the
tation near 18:00 UT. Hence, it seems ||ke|y that in situ soft- projection time interval revealed a density enhancement co-
particle precipitation and plasma reconfiguration were bothjgcated with the projected density structure. The observa-
operating in the sunward return plasma flow of the eveningtions provide experimental evidence for the mechanism pro-
auroral region to create a complex structure of boundaryposed by the modelling work of Robinson et al. (1985) for
blobs that were SeparatEd in latitude. It must thus be CONthe reconfigura’[ion of p0|a|’ p|asma into a |0ngitudina”y-
cluded that both physical mechanisms play roles in the for-extended feature near the equatorward boundary of the auro-
mation of boundary blobs. While it may be possible to at- ra| oval. There is also evidence for a second plasma enhance-
tribute a single source to some of the simpler structures, iment equatorward of the reconfigured blob, likely to have
line with the evidence found in the |iterature, in praCtice, for been produced by in situ precipitation_ Taken C0||ective|y
many situations the plasma seen in the density enhancemengge observations indicate that the two mechanisms proposed
may have had more complex origins. previously in the literature for the production of boundary

It is of interest to note that there is a suggestion, in thep|ops are operating simultaneously to form two distinct fea-
projection of the polar patch, of higher density plasma beingtures separated slightly in latitude.
convected around the equatorward edge of the dawn cell. Itis
yvell establlsh.ed _that the main ionisation trOUgh.'S tfj be f,oundAcknowIedgements?inancial support for the project was provided
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