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Abstract. On 6 January 1998 an interplanetary shock hit netic Field (IMF) points southward, i.e. when its GSM

the magnetosphere around 14:15UT and caused a recomomponent is negativeB( <0), reconnection occurs close to
figuration of the northern high-latitude ionospheric convec-the subsolar magnetopause and far in the tail, producing a
tion. We use SuperDARN, spacecraft and ground magnetwo-cell ionospheric convection pattern where plasma flows
tometer data to study such reconfiguration. We find that theantisunward in the polar cap, and sunward at lower latitudes;
shock front was tilted towards the morning flank of the mag-when B, >0, reconnection should take place at high latitudes
netosphere, while the Interplanetary Magnetic Field (IMF) tailward of the Cusps, producing double reversed-cell pat-
was B,-dominated, withB, <0, IMF B.>0 and|B,|>B,.  terns, where plasma flows sunward in the polar cap and anti-
As expected, the magnetospheric compression started at trsunward at lower latitudes (e.Bungey 1961 Burke et al,

first impact point of the shock on the magnetopause causi1979 Huang et al.2000. The IMF B, component acts on
ing an increase of the Chapman-Ferraro current from dawrhe size and the symmetry of the convection patterns in the
to dusk and yielding an increase of the geomagnetic fieldeast-west direction: wheB, <0 (>0) the whole pattern is ro-

at the geostationary orbit and on the ground. Moreovertated dawnward (duskward) and the dusk (dawn) cell is usu-
the high-latitude magnetometer data show vortical struc-ally bigger than the other one (e@rooker 1979 Reiff and
tures clearly related to the interaction of the shock with theBurch 1985 Gosling et al. 1990 Ruohoniemi and Green-
magnetosphere-ionosphere system. In this context, the Swald, 1996 2005. When B,>0, an important role can be
perDARN convection maps show that at very high latitudesplayed by the magnetic dipole tilt and the IMB5 compo-
above the northern Cusp and in the morning sector, intenseent Cowley, 1983 Crooker and Rich1993 Lockwood
sunward convection fluxes appear, well correlated in timeand Moen 1999: the dipole tilt could favour reconnection
with the Sl arrival, having a signature typical fBf>0 dom- tailward of the Cusp in the Northern Hemisphere during the
inated lobe reconnection. We suggest that in this case the dyboreal summer, and in the Southern Hemisphere during the
namic pressure increase associated to the shock plays a raodeistral summer; however, a large negative (positek be-

in favouring the setting up of a new lobe merging line albeit lieved to alter such seasonal effect, and favour reconnection
|By|>B.>0. tailward of the Northern (Southern) Cusp.

The variations of solar wind dynamic pressure are known
fo affect the energy and momentum transfer between the so-
lar wind and the magnetosphere and, as a consequence, the
ionospheric convection patterns (efjbeck 199Q Araki,
1994). To this respect, two important factors are the rise time
and the duration of the pressure perturbation. For short rise
1 Introduction times strong transient perturbations are observed both in the

. . . ) magnetosphere and in the ionosphere until a new location of
The global patterns of the high-latitude ionospheric convec-,o magnetopause boundary is established:; on the other hand,

tion are mostly determined by magnetic reconnection at thee gy ration of a pressure perturbation determines whether
magnetopause and in the tail. When the Interplanetary Maggne effects will be localized or globaBpudouridis et al.
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If the duration is long enough to engulf most of the magne-magnetosphere, but rather to induce local bulges or inden-
tosphere in the solar wind region of enhanced/reduced predations in the magnetopause, which propagate along that
sure, the pressure variation causes typical global increasdsoundary, dragged by the solar wind motion. Many mod-
of the geomagnetic field strength measured at the geosteels exist to explain the coupling with the high-latitude iono-
tionary orbit, and on the ground at equatorial and middlesphere (e.gGlassmeier et gl.1989 Kivelson and South-
latitudes, which are usually called Sudden Commencements/ood, 1991, Sibeck et al.2003. Without going too deeply
(SC) or Sudden Impulses (SI), depending on whether theyn the details, there is a general agreement on the fact
are followed by a geomagnetic storm (SC), or not (Sl); inthat FACs are generated inside the magnetosphere where
such cases, often one refers to the pressure variation itself dhe plasma density gradient suffers a steep change, e.g. at
an Sl, and this is the notation we will follow from now on. the boundary between the LLBL and the Central Plasma
A pressure perturbation of that kind generates a compresSheet. FACs map in the ionosphere at latitudes close to the
sive MHD wave which will propagate in the magnetospheric Open-Closed field line Boundary (OCB) leading one or more
cavity (e.g.Wilken et al, 1982 Southwood and Kivelsqgn vortex-like structures, that move following the footprints of
199Q Erlandson et al.1991). Coupling to the high-latitude the FACs. Such vortices are also called Travelling Convec-
ionosphere requires the generation of a Field Aligned Cur-tion Vortices (TCV), and a recent review on that topic can be
rent (FAC) system that is carried by a field-guided Alfvén found inZesta et al(2002.
mode: this can occur where inhomogeneities exist in the In this paper we study an event during which a large dy-
magnetospheric plasma and magnetic fidldaki, 1994 and  namic pressure increase (Sl) occurred in the solar wind in co-
references therein). The FAC system leads to the formaincidence with a strong IMB, decrease and try to identify
tion of pairs of current and convection vortices in the high- and describe the effects induced on the ionospheric convec-
latitude ionosphere, almost symmetric around noon, whosgion by the S| on one hand and by the IMF change on the
signatures are well identified in ground magnetometers (e.gother. The study is mainly based on SuperDARN Northern
Araki, 1994 Russell and Ginskey 999, and radar data (e.g. Hemisphere convection maps, but makes also use of ground
Thorolfsson et a).2001; Vontrat-Reberac et al2002: they =~ magnetometer data and of space borne data. The paper is
cover wide magnetic latitude and local time regions and theirstructured as follows: Sec?. offers an overview of the ob-
centres usually lie on closed field lines. Also aurora obser-servations made by spacecraft in the solar wind and in the
vations have evidenced Sl-induced global effects: the brightmagnetosphere (Se&.1), by ground-based magnetometers
ness of the aurora and the intensity of electron precipitation(Sect.2.2), and by SuperDARN in the Northern Hemisphere
increase in the whole oval, and a southward expansion of th¢Sect.2.3); the observations are then discussed in detail in
equatorward edge of the auroral oval has often been reportegect.3 and Sect4 contains a brief summary of our conclu-
(e.g. Zhou and Tsurutanil999 Boudouridis et al. 2003 sions.

Kozlovsky et al, 2005. It is generally thought that Field-

Line Resonances (FLRs) can originate in the inner magneto-

sphere due to the Alfvén modes excitation, and this mecha2 Observations overview

nism, along with the pure mechanical compression caused by

the SI, can transfer enough energy to the trapped particlest3.1 Observations in space

cause them to escape the confinement via the loss-cone insta-

bility. Ground traces of FLRs or, in general, of periodic field Figurel shows, from top to bottom: the solar wind dynamic
oscillations (Pc5) have been actually observed, closely repressure observed by WIND on 6 January 1998 between
lated to solar wind pressure perturbations (€kryl et al, 13:15:38 and 13:45:38UT (3s resolution, GSM position:
1998 Francia et al.1999 Motoba et al.2003. As these ef-  X=227Rp, Y=20Rg, Z=—5Rg), the GSMB,, B,, B,
fects are thought to take place on closed field lines, one doesomponents of the IMF as observed by IMP-8 on 6 January
not expect to observe relevant ground Sl signatures at veryt998 between 14:00 and 14:30 UT (16 s resolution, GSM po-
high latitudes, where the footprints of the Cusps and of thesition: X=29Rg, Y=—1Rg, Z=145RE); the GSM B,

Low Latitude Boundary Layer (LLBL) usually map. Nev- component of the magnetic field as observed by GEOTAIL
erthelessNewell and Meng1994 have found through the on 6 January 1998 between 14 and 14:30 UT (3 s resolution,
statistical observation of the precipitating particles, that theGSM position: X=7 Rg, Y=6 Rg, Z=0.5Rg). In the fig-
ionospheric Cusps and the LLBL are considerably larger dur-ure, the WIND data have been delayed by 2R/ in order

ing periods of high solar wind dynamic pressure than whento match the IMP-8 and GEOTAIL features. At 13:28:57 UT
the pressure is low, ardoco et al (2005 also observed that (14:12:09 UT in the top panel of Fig), a sharp discontinu-
the number of SuperDARN radar echoes increases both aty of the plasma parameters is observed at WIND (red dash-
latitudes in the oval and at higher latitudes in the Cusp dur-dotted line): the pressure jumps from 2 to 6 nPa, due to in-
ing an Sl. creases of both the proton number density{-12 pp/cn¥)

Pressure pulses of shorter time scales, on the other handnd velocity A V~80km/s). As the increase of the solar
are not supposed to lead to a global reconfiguration of thewind velocity exceeds the Alfvén and sound speeds of the
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Fig. 2. Locations of the spacecraft used in this study in g
GSM plane (axis scales in Earth radtig).

Byis(nT)

TAIL all the field components experience a progressive in-

crease starting around 14:16 UT (onBy is shown, as an

example, in Figl, bottom panel), indicating that the inter-

: planetary shock has reached the magnetopause and the mag-
i ; netosphere is being compressed, until the field components

20f , , ' . , , ] switch over about 80 s, starting at 14:19 UT, to values typical

of the magnetosheath, indicating that the magnetopause has

'é b ; been pushed past the GEOTAIL position.
3 F : : The time delay between the WIND and the IMP-8 ob-
e E servations of the bow shock i&r=4422’, i.e. it is sub-
BBy T R Y P T stantially shorter than the ba}lllst|c travel time between the
Time (UT) two spacecraft along th& axis: At~AX/V~5530" (as

AX=198Rg and the solar wind speed behind the shock is
Fig. 1. WIND, IMP-8 and GEOTAIL observations on 6 January 380km/s). This suggests that the shock front is probably
1998. From top to bottom: solar wind dynamic pressure (in nPa)tilted so that its normal forms an angle greater tharf 1ith
measured by WIND, IMFBy, By, B; GSM components (in nT)  the GSMX axis, as we will further discuss in Se8t1 Fig-
measured by IMP-8, and the GSK} component of the magnetic yre 2 shows the average locations of the bow shock and the
field measured by_GEOTAI_L. The UT time r(_afers to IMP-8 and magnetopause and the positions, projected ont& th&SM
GEOTAIL observations, while WIND observations are delayed by p1ane for all satellites whose data have been inspected for the
a422". present study. Figur2also displays the intersection with the

GSM XY plane at IMP-8 of a tilted shock front compatible

. . with the observed delays.
undisturbed solar windW{4~31 km/s andC,~38 km/s, re-

spectively), the discontinuity is an interplanetary shock. Af- 2.2  Ground-based magnetometer observations

ter the shock, at least three minor pressure variations are

seen, of the order of 1.5-2 nPa, each one lasting for about 4Figure3 shows the horizontal componenk) of the geomag-
5min (blue lines in the figure). At IMP-8 a clear discontinu- netic field for a selection of four low latitude magnetometers
ity is observed in the IMF data at 14:13:20 UT, when a steepwith 1 min resolution, displayed in increasing order of Mag-
decrease of th&, component occurs from-7 to —15nT. netic Local Time (MLT) from top to bottom, on 6 January
Before the discontinuity; is positive (fourth panel fromthe 1998 between 14:00 and 14:30 UT. All four magnetograms
top), or just close to zero; when the discontinuity occls, show an increase starting at 14:16:30 UT, i.e. 3 min after the
has a small increase and switches to negative values at abopaissage of the shock at IMP-8, and lasting until 14:22 UT,
14:18 UT. B, is slightly negative or close to zero during the with a signature very similar to that observed by GEOTAIL.
whole interval (second panel from the top). Unfortunately, The effect appears to be global and simultaneous, and has the
no plasma data are available for IMP-8 at this time, but wecharacteristics of an Sl. Nevertheless, kneomponent vari-

can unambiguously identify this IMF feature as the shockation is generally small, not exceeding 40-50nT, with the
observed at WIND at 13:28:57 UT, thanks to the fact that theonly exception of Huancayo, located near the geomagnetic
main IMF features observed at IMP-8 are also observed aequator on the morning side, where the Sl amplitude reaches
WIND and at ACE (which was at about 2 from WIND). 120nT.

In order not to overload the figure, we displayed IMF data for Figure 4 shows 5s sampling magnetograms of tke
IMP-8 only, which is located much closer to the Earth’s bow (North-South) component of the geomagnetic field (left hand
shock and magnetopause than WIND and ACE. At GEO-panels) and of the (East-West) component (right hand
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e CDR (~09:40 MLT), then at CHB £09:00 MLT), i.e. they

move westward, away from noon; the estimated speed is 7—
8km/s.

Figure5 shows a selection of 20 s sampling magnetograms
from four stations between 13:00 and 15:00 MLT, which
belong to the Danish Meteorological Institute (DMI) array
and to the Magnetometer Array on the Greenland Ice Cap
(MAGIC), in decreasing order of MLAT, from top to bot-
tom, on 6 January 1998 between 13:45 and 14:45 UT.Hhe
(North-South) and th& (East-West) components of the geo-
magnetic field are displayed in the left and right hand panels,
respectively. In general, the component starts to decrease
at 14:15:40 UT, although the rate is different from station
to station. As a matter of fact one can recognize a differ-
ent behaviour between the higher and lower latitude stations.
At the two higher latitude stations (MCGy76.4° MLAT,
and DNB, ~75.2° MLAT) we observe a broader response
of the H component, which slowly decreases until about
14:18 UT, while theE component does not display strong
variations until 14:17 UT, when a rapid fall occurs at both sta-
1400 1405 1410 Ta1s 14o0 T1ams 1430 tions, not exceeding 40 nT. The lower latitude stations (GHB,

Time (UT) ~70.5° MLAT, and AMK, ~69.3° MLAT) show a bipolar
pulse of both theH and E components: a fast pulse with
Fig. 3. Horizontal componentX) of magnetograms from ground- N€gative slope precedes a broader pulse with positive slope.
based stations close to the geomagnetic equator, in increasing orddhat signature starts at about 14:15:40 UT and lasts for about
of MLT from top to bottom, on 6 January 1998 between 14:00 and8 min.
14:30 UT. In conclusion, we can say that the first effects of the shock
passage at the high-latitude dayside ground magnetometers

show up roughly 3 min after its detection by IMP-8.
panels) between 13:45 and 14:45UT on 6 January 1998

for four stations belonging to the Magnetometer Array for 2.3  SuperDARN convection maps
Cusp and Cleft Studies (MACCS), while no data could be
retrieved for this period from the Canopus magnetometerThe Super Dual Auroral Radar Network (SuperDARN) is
chain. The stations are all located betweef7:00 and  fully described byGreenwald et al(1995 and byChisham
~10:00 MLT and are presented, from top to bottom, in de-et al.(2007. The Doppler phase-shift of the radar echoes al-
creasing order of Magnetic Latitude (MLAT). Tecompo-  lows to determine the velocities of the sounded ionospheric
nent of the higher latitude stations (RES83° MLAT, and irregularities along the line of sight. As in the F region
PEB, ~79 MLAT) is not affected much by the interplane- such irregularities follow the drift of the ambient plasma,
tary shock: only a broad wave-like disturbance is noticed,this yields a measure of the plasma convection velocity (e.g.
starting at 14:15:40 UT at RES and at 14:16:30 UT at PEBHanuise et a).1985 Villain et al., 1986. In the common
and lasting several minutes, with peak-to-peak amplitude nomode of operation, a complete scan of the whole field of view
exceeding 40 nT. On the other hand, at lower latitude stationgs performed in two minutes over 16 azimuthal beams and
(CHB and CDR-75° MLAT), the X component shows sig- 75 range gates with a typical space resolution of 45km. In
natures which can be related to the shock: at 14:15:40 UTaddition to the line of sight velocity, from each beam and
a double pulse starts, with a short and steep negative peatange the analysis of the radar echoes allows to calculate
at 14:16 UT, which precedes a broader and smoother posithe signal-to-noise ratio (maximum reflected power) and the
tive peak at 14:18:20 UT. Looking at tifecomponent (right  spectral width. This last quantity is related to the plasma tur-
side of Fig.4) of the magnetograms, both lower and higher bulence processes in the sounded region, and is often used to
latitude stations show a dip of the field starting betweendiscriminate the ionospheric footprints of different magneto-
14:15:30 and 14:17 UT and lasting for about ten minutes.  spheric regions (e.g¢danuise et a).1993 Baker et al. 1995
After the Sl signature, both th& and theY components  Chisham et a.2008.
at lower latitude stations show a series of magnetic transients In order to have a global picture of the high-latitude iono-
(see the red dashed lines in F.which have the following  spheric convection, it is often useful to merge the line-of-
characteristics: 1) Th¥ and theY components show a phase sight velocities measured by the single SuperDARN radars
difference of about 90 2) the transients are first noticed at through the map potential technigu®uohoniemi and Baker
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Fig. 4. High latitude magnetograms from the MACCS chain, above Northern Canada (morning MLT), on 6 January 1998 between 13:45
and 14:45 UT. The left side of the figure shows éNorth-South) component, the right side displays Yheomponent (East-West). The
stations are displayed in decreasing order of magnetic latitude from the northernmost, on top (RES — Resot8&8°BAyAT), to the
southernmost, on bottom (CDR — Cape Dorset4.5° MLAT). The red dashed lines evidence the evolution of magnetic transients moving
from CDR to CHB.

1998. The efficiency of the technique in recostructing the each panel shows the orientation of such an IMF in¥te
actual convection streamlines crucially depends on data cov&SM plane. The positions of the high-latitude magnetome-
erage: the techniqgue makes use of additional data points dders mentioned in the previous section are also displayed in
termined by an empirical model of convectidRuochoniemi  all panels.
and Greenwal,d1996and2003;vyhere the coverage is good, Fig. 6, panel (a): 14:14»14:16 UT. Before the shock
the reconstructed maps are univocally determined by the ac- . : :

arrival the IMF B, is close to zero and only slightly

tual measurements while, conversely, in cases of poor or ab- ositive. while B. <0. as shown by the top riaht inset
sent coverage, the influence of the model on the convection P ' y<U as shown by prg o
As one would expect in this situation, the high-latitude

patterns is very strong. For the present event, we carefully . . : .
inspected the original velocities measured along the fields of lonospheric convectpn as observed by SuperDARN IS
rather weak and consists of an asymmetric two-cell pat-

view for all the available radars, and verified that all the fea- tern (which we mark by and in this panel) confined
tures described hereafter are consistent with the actual radar above 76 MLAT. The dawn cell extends slightly across

measurements. o ) s
Th its of th il vsi b _ the noon MLT meridian so that the convection velocity
@ results of the map potential analysis can be seen In is directed from dawn to dusk around noon; on the other

Figs. 6 which display two 2-min pote_n_tial maps_each, from hand, the dusk cell exhibits a sort of tongue extending
14:14 10 14:30 UT. In each panel positive (negative) potential towards dawn at lower latitudes. This situation persisted

contours are drawn by solid (dashed) curves and represent for several 2 min scans before and is well represented by
also flow streamlines. Velocity vectors obtained through the the scan displayed in this panel

map potential technique are drawn as pointers at the locations

where actual SuperDARN measurements are available. The — Fig. 6, panel (b): 14:16>14:18 UT. This panel shows
strength of the vectors is colour coded according to the scale  the convection immediately after the passage of the
on the left of each panel. The IMF observations taken as ref-  shock front which was accompanied by a large increase
erence are those of IMP-8, delayed by 3min, that we have  of the absolute value of IMB, <0 (see again the top
evaluated in Sec®.2to be the time necessary for the shock right inset). The two-cell pattern has clearly evolved to-
effects to start in the ionosphere. The inset in the top right of wards a more complicated one. Actually, the convection

www.ann-geophys.net/26/2937/2008/ Ann. Geophys., 26, 2ZB3y%-2008
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pattern has not changed noticeably on the dusk sideSect.2.2, the equatorial ground magnetograms (Fpdis-
(see thes’ cell), while, on the contrary, on the morning play an increase of thH-component starting at 14:15:20 UT,
side very clear sunward fluxes appear aboVeMBAT while in the magnetosphere a similar increase is observed
between 06:00 and 10:30 MLT, which the map poten-in the B, GSM component measured by GEOTAIL. These
tial software interprets as separating a counterclockwiseare the effects of the interplanetary shock hitting the magne-
cell extending along the noon MLT meridian (marked topause: the compression launches a fast magnetosonic wave
with a y’) from a small clockwise cell with focus at which propagates in the equatorial magnetosphere and even-
07:30 MLT and 74 MLAT. The reconstruction of such tually causes an increase of the North-South component of
sunward fluxes is based on data from three radars (Kathe ground geomagnetic field. The field rise time is about
puskasing, Goose Bay and Stokkseyri), whose fields of4—5 min at all stations, which is very close to the values ob-
view overlap over the area of interest. served for shocks nearly perpendicular to h&SM direc-
] tion (e.g.Wang et al. 200§. However, as we have noted

— Fig. 6, panel (c): 14:18>14:20 UT. The sunward fluxes j, sect.2.2, the compression aoff is not homogeneous, be-
in the morning persist. A reverse (counterclockwise) jng the field increase stronger in the morning sector at Huan-
convection cell around noon is now completely formed 4y station at-09:30 MLT. This fact suggests that the shock
(v), and the map potential software again suggests thgjrs; siroke the magnetopause at the moming side, in agree-
existence of another reverse cell in the mornisig ( ment with the considerations made in S&cLregarding the

Fig. 6, panel (d): 14:20>14:22 UT. They'-cell can be shock propagation from WIND to IMP-8. On this line, a

still recognised, but it extends now more duskward anolpossible orientation of the shock front compatible with the

an increase of convection fluxes from noon to dusk isobse_rved delay of 3min betw_een the I.MP'S .SI deFectlon and
the first effects at the equatorial and high-latitude ionosphere

reported above central Greenland. In the morning the

convection has suffered strong variations with respect(See Seci2.2) was drawn as ared line through the IMP-8 po-

to the previous scan: between 10:00 MLT and noonsition in Fig.2._ Unfqrtunately a quantitative estimate of the
and around 77-7& MLAT westward and equatorward §hock front_onentatlon and of the shock speed close to 1 AU
fluxes emerge, which resemble the northernmost par{S not. possible because of the lack of IMP'S. p"'?‘sma Qata at
of a counterclockwise vortex, while between 08:00 andthat time. However, we _COU|d make a qualitative estimate
10:00 MLT, eastward and equatorward fluxes survive,©' that orientation by using IMF and plasma WIND data:

A , . "by applying the Coplanarity Theorem (e$chwartz 1999
h h f thlecell sh I g )
gi(rj ZSSt e remainings of thecell shown in panels (b) we obtainedi~~ (—0.88, 0.45, —0.2), which forms an angle

¢~208 with the X axis in the GSMXY plane. Such a tilt
— Fig. 6, panel (e): 14:22-14:24 UT. The reverse cell in agrees with the shock hitting first the magnetopause morning
the polar cap has disappeared, and a clockwise conside, although it does not fully match the shock orientation
vection cell is being restored in the afternoon. In drawn in Fig.2.
the morning, westward fluxes are still present between
10:00 MLT and noon, while a reconfiguration seems to 3.2 Araki-type and TCV-like effects
occur between 06:00 and 10:00 MLT, where a counter-
clockwise convection cell is developing. These changesOn the basis of a comprehensive study of high-latitude mag-
occur at a time when the time shifted IMP-8 IME has ~ netometer signaturegyraki (1994 inferred that, during a
just turned negative. symmetric magnetospheric compression (i.e. a pressure dis-
continuity whose normal is aligned with the Sun-Earth di-
— Fig. 6, panel (f): 14:28>14:30UT. After some min-  rection), two current systems are established at high lati-
utes during which the high-latitude ionosphere adjuststudes: first, a pair of FACs comes with the magnetosonic
to the modified IMF conditions (14:2414:26 and  front motion, one directed downward into the auroral zones
14:26-14:28 UT scans, not shown), the final config- in the afternoon, and the other directed upward out from the
uration of the convection is given by a two-cell pattern, jonosphere in the morning; the closure currents in the high-
with the dusk side cell protruding towards the morning, |atitude ionosphere form vortical structures, clockwise in the
as expected for the given IMF orientation. afternoon, counterclockwise in the morning; a magnetometer
located northward of the centre of a clockwise (counterclock-
wise) current vortex will experience an increase (decrease)

3 Discussion of the North-South component, an eastward (westward) Hall
current being established in the ionosphere. The opposite
3.1 Shock front orientation and time delays signature will be observed by a station located southward

of the vortex centre. This current system is called Prelimi-
First of all, we discuss the timing of the arrival at the iono- nary Impulse (PI). When the shock front is passing along the
sphere of the first effects of the SI. As we have shown inmagnetopause flanks, the compressed magnetosphere tends

Ann. Geophys., 26, 2932951, 2008 www.ann-geophys.net/26/2937/2008/
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Fig. 5. High latitude magnetograms from the DMI and MAGIC Greenland chains (afternoon MLT), on 6 January 1998 between 13:45 and
14:45 UT. On the left side the North-South componé#j {s shown, while on the right side one can see the East-West compdreritie

stations are displayed in decreasing order of magnetic latitude from the northernmost, on top (MCG — MAGIC-1+G63P MLAT), to

the southernmost, on bottom (AMK — Ammassati§9.3° MLAT).

towards a new equilibrium, with the increase of the dawn-counterclockwise and turns into clockwise, while AMK and
dusk electric field; this causes an inversion of the FACs sys-GHB, which are located slightly above 7BILAT, observe
tem, that now appears as a pair of filamentary currents entetthe southern part of a current system which starts clockwise
ing the auroral zones in the morning and flowing out in theand turns into counterclockwise. If that is so, the AMK —
afternoon; in such way, all vortices and magnetometer signaGHB vortices are located in the early afternoon, while the
tures are reversed (Main Impulse, MI). In summary, the re-CDR — CHB vortices are located around 09:00 MLT. This
sulting magnetic signatures at high latitudes consist of bipo-asymmetry with respect with the 12:00 MLT meridian to
lar PI/MI structures with the Pl having a steeper slope andsome extent qualitatively agrees with the probable orienta-
a shorter duration than the MI and with opposite sign in thetion of the shock front.

dawn and dusk sectors. As we do not have other magnetometer data to further sup-

For the event under study, the proposed orientation of theport this interpretation, we can try to make use of the Super-
shock front could result in an asymmetry of the Araki vortex DARN observations, which provide convection velocities in
systems with respect to the 12:00 MLT meridian, possibly tothe F region (while from the magnetometers we can recon-
such an extent that both systems develop in the morning sidestruct the orientation of E region currents). For this event, the
To this regard, we have shown in Se2t2 that the CDR, SuperDARN coverage is satisfactory only abové ViRAT
CHB, GHB and AMK magnetograms do show features of and, moreover, the time resolution of the network (2 min) is
the PI/MI kind (see Figs4 and5), which clearly appear to  too low to identify the details of the evolution of the PI vor-
be related to the Sl, but display the same polarities both in theices. However, we notice from Figd and e that the north-
morning sector (CDR and CHB) and in the afternoon sectorernmost part of a counterclockwise convection vortex can be
(GHB and AMK)), i.e. a decrease followed by an increase ofseen in the morning, between“7énd 78 MLAT, and 09:00
the North-South component. The available data do not aland 11:00 MLT, slightly northward of CDR. A comparison
low to determine unambiguously the topology of the FAC with Fig. 4 can be made: between 14:20 and 14:24 UT, i.e.
system which is responsible for such observations. How-the interval encompassing the two scans of Bg.and e,
ever, they can be reconciled with the Araki model by assum-CDR and CHB are observing a peak of tiecomponent;
ing that CDR and CHB, which are locatedza?5°> MLAT, these are the final moments of life of the MI current system
observe the northern part of a current vortex which startsin the morning, when a clockwise current vortex reaches its
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Fig. 6. Northern Hemisphere SuperDARN convection maps for 6 January 1998, between 14:14 and 14:20 UT. Each map corresponds to a
2min complete SuperDARN scan. Convection velocities follow the color scale shown on the top left. On the top right of each panel, an inset

displays the IMF orientation in thEZ GSM plane, averaged over the scan time. The locations of magnetometers whose data have been
described in SecR.2are also shown.

maximum intensity and then begins to fade. As SuperDARNIocities pointing towards dusk along the local MLAT paral-
measures th& x B plasma convection velocity, a counter- lel around 78 MLAT between 12:00 and 14:00 MLT are ob-
clockwise convection vortex corresponds to a clockwise cur-served which do not contradict the existence of a clockwise
rent vortex, so that magnetometers and radars observatiomsraki Ml vortex at lower MLATS.

seem to agree. In the afternoon, the high-latitude convec-

tion measurements made by SuperDARN fall rather far in 10 complete the discussion of the effects induced by the

MLAT from the AMK and GHB stations by at leasf Go solar wind dynamic pressure in the magnetogram records,
we recall that in the solar wind, after the main pressure in-

allow a comparison similar to the one we just made for the | h . L d
morning side. However, between 14:18 and 14:22 UT, ve-Créase, at least three minor pressure variations occurred (see

Fig. 1). As Fig.4 shows and as we described in S&tR,
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Fig. 6. Continued. Northern Hemisphere SuperDARN convection maps for 6 January 1998, between 14:18 and 14:22 UTd), thenel
field of view of Kapuskasing is also shown: the thick blue line evidence the direction of beam 11, the blue circle represents the region where
the beam is supposed to cross the merging line footprint (see text), and the blue dotted curve represents a tentative merging line footprint.

a series of magnetic transients is observed in the mornind®ARN scan, and the fact that their strongest effects probably
around 78 MLAT starting from 14:24 UT, up to 14:40UT, develop at the southernmost edge of the radar coverage or
whose features should make them fall into the class of TCVseven below.

(Zesta et al.2002: a train of vortices is moving tailward

with a speed of about 7-8 km/s. We suggest that the TCV-like3.3 Enhanced lobe reconnection at the SI

features observed in the ionosphere correlate to the minor

dynamic pressure variations which follow the SI. As regardsag e saw in Sect2.3 the SuperDARN convection maps
the SuperDARN data, we do not observe any clear signaturgp,qy that the Northern Hemisphere convection patterns dis-
which can be related to such transients. This is probably dugaved a clear evolution in relation with the interacion of the

to two concurrent causes: the fact that their evolution 0CCUIsg| with the magnetosphere. The description which we made

on a time scale comparable to the time resolution of a Supergs this evolution suggests that a prominent role is played by
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Fig. 6. Continued. Northern Hemisphere SuperDARN convection maps for 6 January 1998, between 14:22 and 14:30 UT.

the IMF orientation. Before we discuss more closely such anand §’) are formed due to an X-line tailward of the Cusp,
evolution and try to assess the possible complementary roleesulting in a sunward flow from the polar cap, while two
of the solar wind dynamic pressure change, it is useful toviscous cells¢’ andg’, clockwise at dusk and counterclock-
briefly recall the expected configuration of the dayside con-wise at dawn) convect field lines from the nightside at lower
vection when the IMF is8,-dominated. latitudes. WhemB, becomes negative, the expected convec-

Figure7 shows a scheme of the ionospheric patterns wherfion pattern is the one shown in Figc: the X-line at the
B, <0 (adapted fronBandholt et a).1999. Figure7a illus- magnetopause forms at lower Iat_itude, displaced along the
trates the expected convection pattern figr-0 andB, <0:  dawn flank because of the negatig, and two asymmet-
the two thick dashed lines show the projections of two recon-ic convection cells are expected to form in the high-latitude
nection lines, tailward and sunward of the Cusp respectivelyionosphere.
which result in two cells, marked with and 8. Figure7b Turning now to the real convection maps which we de-
refers to a configuration whe®, >0: two stirring cells ¢’ scribed in Sect2.3, we recall that both at the beginning and
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at the end of the period under study two convection cells were (@) IMF B, ~0 By <0
observed: clockwise at dusk and counterclockwise at dawn
(Figs. 6a and f). This means that in both cases reconnec- ﬁ}_
tion sunward of the cusp (i.e. at low latitude on the magne-
topause) dominated and drove the high-latitude ionospheric
convection. Further to that, in the first case one would expect
a close similarity with the Figra scheme which cannot be
further detailed, as the dawn cell extends only moderately to
the dusk side and the paucity of data does not allow to un-
ambiguously determine the lobe merging line. However, the
patterns of Figs6a and f are clearly different: in the first
case the convection is rather weak with a cross polar cap po-
tential of 36 kV; in the second case the convection is much
stronger and the two cells are neatly formed, with a domi-
nating dusk cell and an estimated cross polar cap potential of
60 kV. Therefore, it is clear that the Fifa pattern matches
the B,~0, B, <0 IMF orientation and that through the event
the convection evolves to the Fi§f pattern which closely
resembles the Figc scheme, as expected from the new IMF
orientation.

This is not unexpected. Conversely, the way in which this
evolution occurs is to some extent surprising. In fact, the evo-
lution of the IMF orientation as shown in Figj suggests that
the IMF B, <0 component should dominate reconnection at (©) IMF B, <0, By <0
the magnetopause throughout the event. For a steadily dom
inant B, one would not expect the Figa pattern to vary G
much, exception made for a probable strengthening of con- P
vection induced by a more efficient reconnection process on
the dawn side of the low latitude magnetopause. A different
scenario emerges instead, as the convection maps iol=ig.
¢, and d show: an intense sunward convection is activated in
the morning, suggesting the emergence of a three-cell pattern
(the new cells are labellegl, y’ andé’ in Fig. 6b—c). This  Fig. 7. High-latitude ionospheric convection pattern scheme ex-
pattern recalls the scheme sketched in Flyg.which refers  pected when IMFBy <0. From top to bottom the casés~O0 (a),
to a configuration where the contribution 8f>0 is more  B:>0 (b), B; <0 (c) are displayed. Adapted fro@andholt et al.
important. This configuration shows up at its best in B. ~ (1998.
though for thex’ cell no direct observation is available. This
pattern is still present in Fighd, when at 14:20 UB, turns
negative and the convection pattern starts to evolve toward¥ection flux, that is actually observed in that area (postnoon
the Fig.7c scheme, which is fully established several minutesside of they’ cell).
later (Fig.6f). At this point it is worth recalling that the SuperDARN

Also the MACCS magnetometers in the morning at very spectral width is a useful tool for distinguishing ionospheric
high latitudes (RES and PEB, Fig), show evidence of the regions where open or closed field lines map, especially in
sunward convection seen in the SuperDARN maps: the the cusp region and in the nightside. In fact, a number
(East-West) component observes a decrease starting arouind studies has shown that, for southward INBE, a sharp
14:16 UT, reaches a minimum around 14:18, then rises agaiboundary can be traced between low and high spectral width
attaining a level higher than before the Sl arrival (Higight values, which very often corresponds to the OCB and, there-
side); this is the effect of the increase of the Hall current fromfore, to the dayside merging line footprint in the ionosphere
South to North, which is associated with the activation of the (e.g. Milan et al, 1999 Moen et al, 2001, Chisham et aJ.
sunward convection fluxes. Furthermore, as little activity oc-2008 and references therein). On many occasions, the equa-
curs in the East-West direction, th& component does not torward edge of the high spectral width region also marks
register strong variations (Fidl, left side). On the other the equatorward edge of the observed backscatter. Moreover
hand, in Northern Greenland, DNB and MCG stations ob-Chisham et al(2004 have shown that, wheB, is north-
serve a bay of thé/-component which can be interpreted as ward, the poleward edge of the radar backscatter is often
the activation of a westward Hall current, or an eastward conwell correlated with the lobe merging line footprint in the

www.ann-geophys.net/26/2937/2008/ Ann. Geophys., 26, 2ZB3y%-2008



2948 I. Coco et al.: A shock during®,-dominated period

SuperDARN Spectral Widths To conclude this section, it is necessary to further com-
1998, January 6 ment on the possible cause of the enhanced lobe reconnec-
tion observed by SuperDARN between 14:16 and 14:22 UT.
g tonKepuskasing (ap) Beam 11 Frequency 14 MHz o Therefore, we look more closely at the IMP-8 IMF change at
e — - the SI. Overall, although all three IMF components change,
81 = - :.-._ :—_:_ a the rotation across the Sl results to b&°. In particular,
g Pl mm— g e we notice that a small positive excursion Bf, to a max-
5 ;;_—.:,"-E - =t imum value of 2nT, is observed immediately after the SI;
¢ - - however, the smalB, increase is accompanied by a large in-
g 7 = — " Tom = = crease of the absolute value Bf, so that, both before and
. - Z-'ﬁ,,:g - after the IMF rotation|< B, >|/|<By>|~0.1, where the av-
. - = -ﬁ omis erages are calculated over 4 min. In the second place, we ex-

14:00 14:10 14:20 14:30

uTTI amine theB, component, because some authors (Eay-
ime

ley, 1983 Crooker and Rich1993 Lockwood and Moen
Fig. 8. SuperDARN spectral widths measured as a function of 1999 suggested in the past that a negatiiecan favor re-
magnetic latitude between 14:00 and 14:30 UT for beam 11 of Ka-Connection tailward of the northern cusp #Br~0. For the
puskasing radar. event under study, the change Bf across the Sl is of the
same order as that &,: before the SIB,~—0.6 nT, while
immediately after itB,~—2 nT, yielding a roughly constant
ionosphere, while the OCB cannot be univocally identified ratio |<B,>|/|<B,>|~0.1. From these considerations we
with the low latitude edge of the radar backscatter. Fig-would not expect the conditions for reconnection at the mag-
ure 8 shows, as a function of magnetic latitude and UT, thenetopause to change dramatically as a consequence of the
spectral width measured by the Kapuskasing radar along it$MF change associated with the SI.
beam 11, which results to be quasi-meridionally oriented. To further evaluate this issue, we applied @@oling et al.
The Kapuskasing field of view is delimited by red lines in (2001 model of magnetopause reconnection using as inputs
Fig. 6¢c, and the direction of the selected beam is evidencedime shifted IMP-8 IMF data and WIND plasma data, re-
with a blue solid line. From Fig8 we can see that a latitudi- spectively, before and after the Sl. T@eoling et al.(2001)
nal gap in the backscatter occurs betweehafid 75 MLAT, model allows to evaluate the probability of component merg-
so delimiting an equatorward edge for the Cusp backscatteing as a function of position on the magnetopause and al-
at about 75-76> MLAT. However, such limit cannot be iden-  lows the reconstruction of an X-line on the magnetopause
tified as the OCB a8; is northward until 14:22 UT. Actually,  starting from a location where reconnection is considered to
Figs. 6b—d show a sunward flow across such edge; if thatbe feasable. For that purpo§moling et al.(2001) make
edge were identified with the OCB, this would imply a con- use of a model magnetopause and propagate the IMF and
current movement of the OCB itself, to be explained throughplasma data through the magnetosheath by usingfine-
dual lobe reconnection. However, this is very unlikely to oc- iter et al. (1966 gas-dynamic model. As such, the use of
cur in this case, a8, > B,>0. Thus, it is reasonable to as- the Cooling model for this event somewhat compensates the
sume that the OCB be located somewhat more equatorwardack of local magnetic and plasma measurements in the mag-
i.e. along the dashed equipotential contour drawn in 66g. netosheath close to the magnetopause. We made runs of the
at 72—73 MLAT between 10:00 and 12:00 MLT. As for the Cooling model for the pre- and post-SI conditions and pro-
poleward edge of the backscatter, one can notice a steep lajected the obtained X-lines to the ionosphere by using the
itudinal transition: up to 14:16 UT the poleward edge was atTsyganenko 96 modelT6yganenkp1995. We found that,
~T79 MLAT, while from 14:22 UT, after a gap in the echoes, as a consequence of the increase of IMF intensity across the
that boundary moves te-83° MLAT. From these observa- SI, the Cooling model predicts an increased probability of
tions two main conclusions can be drawn: 1) the sunwardreconnection, which qualitatively agrees with the increased
fluxes described in Figsb—c lie on open field lines; 2) re- convection observed by SuperDARN after the SI; however,
connection tailward of the cusp is possibly ongoing, with the as regards the topology of reconnection, the model predicts
merging line footprint located between8and 83 MLAT that an X-line sunward and eastward of the northern cusp
along the beam 11 direction. In Figc a blue circle has been  can form, due to the largs, negative component, while we
overplotted along the beam 11 direction to indicate the re-found no evidence for the formation of a merging line north-
gion where the merging line footprint is supposed to cross thavard of the cusp like the one shown in Fé.
beam; a tentative merging line footprint can be traced from On the basis of the considerations we have just made, we
the centre of the reverse cell, through the circle, towards suggest that the IMF change at the Sl cannot explain by itself
the reverse cell’, as indicated by the dashed blue curve in the sunward convection fluxes observed over the polar cap
Fig. 6¢. between 14:16 and 14:22 UT. As we are dealing with an Sl,
at this point it is natural to recall that several authors have
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proposed that pressure variations could favour reconnectioters at high-latitudes observe convection vortices which can
or increase the reconnection rate (ePgikryl et al, 1998 be related to FAC systems coming from the inner magne-
Provan et al. 2005. In particular,Bosqued et al(2005 tosphere, with signatures showing a general agreement with
reported about CLUSTER observations of transient reconthe Araki model of the SisAraki, 1994. Further to that, we
nection signatures in the Cusp region, which are often onéhave found a new result which can be summarised as follows:
to one correlated with repeated pressure variations, during a
strongly B, dominated period. Further to th&pudouridis

et al. (2007 clearly showed that, foB, <0, the pressure
variations are often directly related to variations of the day-
side reconnection rate. Finally, we recall thaitinen et al. 2. these fluxes last for 5—6 min, until the rotation of IMF
(2007 suggest that higher values of solar wind dynamic pres- B; to negative values leads to a global reconfiguration of
sure yield increased reconnection rates at the magnetopause the high-latitude convection to a typical two-c&l <0

for B,<0 and that the dominant parameter to account for pattern;

such increased rates is solar wind velocity rather than den-
sity.

We therefore propose that for the event under study the
solar wind dynamic pressure associated with the Sl plays
a role in favouring reconnection at the magnetopause. To
this regard, we notice that, in this case, the density pro-acknowledgementsThe authors would like to thank: R. Lepping
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1. at very high latitudes in the Cusp and in the morning
sector, intense sunward convection fluxes appear, well
correlated in time with the Sl arrival;

3. these fluxes have a signature typical ®r>0 domi-
nated lobe reconnection, whil@,|> B_, and seem to
be triggered by the solar wind dynamic pressure in-
crease.

4 Summary and conclusions

We have used SuperDARN convection maps, spacecraft da3e e"ences
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