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Abstract. We study a brightening of the Lymanemission  hypothesis.

in the cusp which occurred in response to a short-lived southi<e words. Magnetospheric physics (magnetopause, cus
ward turning of the interplanetary magnetic field (IMF) dur- y : 9 P Phy g P ' P

ing a period of strongly enhanced solar wind plasma concenfrsmd boundary layers; solar wind-magnetosphere interac-

tration. The cusp proton emission is detected using the Sl—lﬁlons) ~ Space plasma physics (magnetic reconnection)
channel of the FUV imager on the IMAGE spacecraft. Anal-
ysis of the IMF observations recorded by the ACE and Wind
spacecraft reveals that the assumption of a constant propa- |ntroduction

gation lag from the upstream spacecraft to the Earth is not

adequate for these high time-resolution studies. The varigjnce it was first postulated by Dungey (1953, 1961) as an
ations of the southward IMF component observed by ACEgxplanation of the circulation of magnetic flux and plasma
and Wind allow for the calculation of the ACE-to-Earth lag in the outer magnetosphere and the high-latitude ionosphere,
as a function of time. Application of the derived propagation the phenomenon of magnetic reconnection has been uniquely
delays reveals that the intensity of the cusp emission variedccessful in explaining the dominant features of the transfer
systematically with the IMF clock angle, the relationship be- of mass, energy and momentum from the solar wind into the
ing particularly striking when the intensity is normalised to magnetosphere across its outer boundary, the magnetopause.
allow for the variation in the upstream solar wind proton con- Reconnection of the geomagnetic field with southward-
centration. The latitude of the cusp migrated equatorwardchointing draped interplanetary magnetic field (IMF) in the
while the lagged IMF pointed southward, confirming the lag magnetosheath takes place at “low latitudes” (meaning, be-
calculation and indicating ongoing magnetopause reconneGyeen the magnetic cusps, such that the reconnection is with
tion. Dayside convection, as monitored by the SuperDARNc|osed magnetospheric field lines which directly connect the
network of radars, responded rapidly to the IMF changesionospheres in opposite hemispheres). This generates open
but lagged behind the cusp proton emission response: thifyx (which connects the magnetosphere to interplanetary
is shown to be as predicted by the model of flow excita-space by threading the magnetopause). On the other hand,
tion by Cowley and Lockwood (1992). We use the numer-for northward IMF the reconnection is at higher latitudes
ical cusp ion precipitation model of Lockwood and Davis (antisunward of one or both cusps) and is most likely to be
(1996), along with modelled Lymam-emission efficiency  ith pre-existing open flux, produced during a prior period
and the SI-12 instrument response, to investigate the effectt southward IMF. Studies have shown that the total volt-
of the sheath field clock angle on the acceleration of ionsage placed across the magnetosphere by reconnection varies
on crossing the dayside magnetopause. This modelling rewith the northward component of the IMF in the Geocen-
veals that the emission commences on each reconnected fiejglc Solar Magnetospheric (GSM) frani&. |gsm and thus,

line 2—-2.5min after it is opened and peaks 3-5 min after it iSfgr 3 constant IMF magnitude, with the IMF clock angle
opened. We discuss how comparison of the Lymanten- OME = tan’l{IByIGSM/[Bz]GSM} (Reiff et al., 1981; Doyle
sities with oxygen emissions observed simultaneously by theynd Burke, 1983; Cowley, 1984a; b; Reiff and Luhmann,
SI-13 channel of the FUV instrument offers an opportunity 1986: Etemadi et al., 1988; Boyle et al., 1997). This is
to test whether or not the clock angle dependence is consisg|so reflected in the associated ionospheric current systems
tent with the “component” or the “anti-parallel” reconnection (Njshida, 1968a, b; Friis-Christensen et al., 1985; Ahn et al.,
1992). For southward IMHF B;]csm < 0), the reconnection
Correspondence tavl. Lockwood (M.Lockwood@rl.ac.uk)  voltage is the rate of production of open flux (typically, 80 kV




956 M. Lockwood et al.: IMF control of cusp proton emission intensity and dayside convection

=8 x10*Wbs™1). This open flux is subsequently swept into magnetic curvature force.) Thus, for component reconnec-
the geomagnetic tail by the solar wind flow in the growth tion, 6ye determine9gy, at the reconnection X-line which,
phase of substorms. Thus, the substorm phenomenon, arid turn, modulates the reconnection voltage, either by chang-
geomagnetic activity in general, is also critically dependenting the reconnection rate or the length of the X-line (or both).
on the IMF[B,]gsm component and the IMF clock angle  The anti-parallel hypothesis, on the other hand, is that
(Schatten and Wilcox, 1967; Arnoldy, 1971; Davis et al., changes i cause the reconnection site to move over the
1997). For northward IMF, the reconnection voltage is themagnetopause, such that the clock angle with respect to the
rate at which flux is reconfigured at the lobe magnetopauseinterior field 0, is always close to 180i.e. the interior and

but there may also be some voltage associated with any opetihe exterior (sheath) fields remain anti-parallel at the recon-
flux generation that is still taking place. Note that, unlike the nection site (Crooker, 1979). In this scenario, it is the condi-
reconnection with closed field lines that dominates for south-tions at the reconnection site(s) that control the reconnection
ward IMF, lobe reconnection with open field lines does notrate and the length of the active reconnection X-line(s), and
have to be the same, in terms of either voltage or location, irthese both modulate the reconnection voltage.

the Northern and Southern Hemispheres. The two hypotheses predict the same reconnection sites,
behaviour and voltage for purely southwai@yr = )
1.1 Component and anti-parallel reconnection and purely northwarddye = 0) IMF orientations. The

differences occur for intermediate clock angles. An indi-

A key unresolved question of magnetospheric physics is whycation of the general behaviour comes from studies of the
the reconnection voltage depends on the IMF clock angle ircusp/cleft aurora (dominated by 630 nm emissions caused
the manner that is observed (e.g. Fedder et al., 1991). They magnetosheath-like electron precipitation down newly-
draped IMF in the magnetosheath reconnects with the magepened field lines), as a function of the IMF clock arglg:
netospheric field, and the orientation of this magnetosheatfiSandholt et al., 1998; Lockwood and Moen, 1999; McCrea
field for a given IMF clock anglé,vr is a complicated func- et al., 2000). For southward IMEB, < 0, 0mr > 7/2),
tion of position on the magnetopause (Kobel anidcklger, a single, relatively low-latitude band of cusp/cleft aurora
1994). However, broadly speaking, the IMF clock ardylg is observed, consistent with low-latitude reconnection. For
is conserved across the subsolar bow shock (because here itdgrongly northward IMF(B, > 0, 6jue less than roughly
the X-component of the flow and the field which is altered by 7 /4), a single band of cusp/cleft aurora is seen at higher lat-
the bow shock) and it is the flow streamlines from this sub-itudes, consistent with lobe reconnection. If the IMF rotates
solar region which coat most of the magnetopause boundarglowly through intermediate clock angléB, > 0,7/4 <
Comparisons of magnetic field observations made by spacegyr < 7/2), both bands of aurora co-exist with an evo-
craft in the magnetosheath and in the undisturbed solar windution from one to the other. This implies anti-parallel re-
show that the appropriately lagged sheath field clock angleconnection for the lobe X-line but there is a debate concern-
close to the magnetopause, is very similar to the upstreanng the lower-latitude reconnection that generates the lower-
IMF clock angle in the same framéwr (e.g. Opgenoorth  latitude band of cusp/cleft aurora by opening closed geomag-
et al., 2001). However for a givefivr, the clock angle of  netic field lines.
the sheath field with respect to the local interior fiedgh, For the component hypothesis, the reconnection X-line
is a function of position on the magnetopause, because theiill remain close to the same, low-latitude locationfage
orientation of the interior field in the GSM frame varies with decreases to around/2: there may be a range of clock an-
location (Luhmann et al., 1984). gles at which this low-latitude X-line can co-exist with lobe

Two main types of behaviour have been postulated to dereconnection, but a&ur approaches zero the reconnection
scribe the variation of reconnection voltage with the IMF will only be found at lobe site(s), antisunward of the cusp(s).
clock anglede. These are called the “component” and On the other hand, the anti-parallel paradigm predicts that the
the “anti-parallel” hypotheses. For component reconnectionX-line will bifurcate asf,yr decreases from its peak value of
(Sonnerup, 1974; Gonzales and Mozer, 1974), the reconnece, the two halves migrating into the pre-noon and post-noon
tion site is thought of as not moving to any great extent with sectors and to higher latitudes as a continuous function of
variations infyr: rather it remains relatively close to the 6 (Luhmann et al., 1984). A key difference between the
subsolar region where the magnetosheath flow is slow andwo hypotheses is that near the reconnection site(s) the clock
the static plasma pressure is high. In this case, the compaangleds, across the magnetopause, between the sheath field
nent of the sheath field that is normal to the interior field and the magnetospheric field, is always close tfor anti-
at the reconnection X-line has no effect on the reconnecparallel reconnection but varies betweeandn /2, or even
tion itself, and only the component anti-parallel to the in- smaller, for component reconnection.
terior field has any relevance, with the reconnection rate for There is evidence in favour of both hypotheses; however,
a given sheath field magnitude therefore depending on th@one of that evidence is conclusive — raising the possibility
clock angle. (Only after reconnection does the componenthat magnetopause reconnection has elements of both. The
perpendicular to the interior field have a significant effect accelerated flows seen on the magnetopause are broadly con-
in that it determines the evolution of the newly-reconnectedsistent with the component hypotheses because the recon-
field lines away from the X-line under the influence of the nected field lines are seen emanating from reconnection sites



M. Lockwood et al.: IMF control of cusp proton emission intensity and dayside convection 957

that appear to remain at relatively low latitudes (Gosling etnetosheath: fully-consistent predictions of these parameters
al., 1990a; Scurry et al., 1994; Kim et al., 2002). Other re-are only available from global MHD models and, in prac-
connection signatures, such as Flux Transfer Events (FTEgjce, gas-dynamic predictions (which neglect the sheath field)
are also consistent with low-latitude reconnection sites at alhave been used (Spreiter et al., 1966). The evolution of each
clock angles greater than about2 (Berchem and Russell, newly-reconnected field line in this sheath flow is computed
1984; Daly et al., 1984; Rijnbeek et al., 1984; Russell et al.,from the balance of stresses tangential to the magnetopause:
1985; Kawano and Russell, 1996; 1997). On the other handin effect, the Whaén relation is used to determine the field
observations from a pair of spacecraft close to the magneline motion that causes the plasma to flow into the main mag-
topause have been interpreted in terms of anti-parallel reconretopause rotational discontinuity at the local &ifvspeed
nection bySafiankoa et al. (1998). However, much of the in the de-Hoffman Teller frame of reference (Cowley and
evidence for anti-parallel magnetopause reconnection come®wen, 1989; Cooling et al., 2001). The model also allows
from signatures seen in the dayside cusp ionosphere. For thier the acceleration of the protons on crossing the magne-
bifurcation of the X-line predicted by Luhmann et al. (1984), topause rotational discontinuity by flowing along the newly-
Coleman et al. (2000) point out the ionospheric merging gapopened field line (Hill and Reiff, 1977), the distribution func-
will bifurcate and Lockwood and Moen (1999) presented tions of the injected protons being computed using the the-
examples of 630 nm red-line cusp images which they inter-ory of Cowley (1982). This theory has been very success-
preted in terms of such a bifurcating merging gap. Colemarful in explaining the ion distribution functions on both sides
et al. (2001) predict that for IMB, < 0, and|B,| = |B,], of the magnetopause, especially for southward IMF (Smith
the ionospheric flow would be equatorward at noon and poleand Rodgers, 1991; Gosling et al., 1990b; Fuselier et al.,
ward at two active merging gaps on either side of noon, andL991; Fedorov et al., 1999). Lockwood and Davis (1996) and
they present examples of such a flow configuration in Supertockwood (1997) used this theory but predicted ion energies
DARN radar data. However, such a flow configuration wasthat were somewhat too high, compared with typical cusp ob-
also predicted by Lockwood (1994) as a signature of tran-servations. The present paper shows that the IMF clock angle
sient reconnection in which the active reconnection X-lineand the direction of evolution of the newly-opened flux pro-
bifurcated, such that the active segments moved away fronvides an explanation for this discrepancy. An additional ele-
noon towards dawn and dusk, but remained at low latitudesment that can be introduced into the cusp ion model is ion ac-
Examples consistent with such transient events have beeceleration at an interior RD, standing in the inflow to the open
presented by Lockwood et al. (1993), Milan et al. (2000a) magnetopause from the magnetospheric side of the boundary
and McWilliams et al. (2001). With this in mind, the obser- (Lockwood et al., 1996). This can generate more energetic
vations by Chisham et al. (2002) are important because thejons on the equatorward edge of the cusp, consistent with ob-
present an example consistent with a bifurcated X-line whichservations (Kremser et al., 1995; Lockwood and Moen, 1996;
remains stable while the IMF orientation is stable: thus, thisLockwood, 1997a; b). The last element of the models is to
indeed appears to be different from the travelling active X-allow for the time-of-flight of ions from every source point
lines in transient reconnection pulses inferred by Lockwoodon the open magnetopause to the ionosphere. The motion
etal. (1993). The difficulty with using ionospheric signatures is assumed to be adiabatic and scatter-free such that Liou-
is that many of the arguments rely, explicitly or implicitly, on ville’s theorem and conservation of energy can be applied.
field line mapping using a model of the magnetospheric field.The pitch angle evolves with the field strength (Burch et al.,
Such field models do not have an adequate representation d082) which, like the field-aligned distance, is taken from an
the magnetopause and its boundary layers. There are vemgmpirical magnetic field model. Allowance for these time-
large uncertainties in the mapping of field lines near the mag-of-flight effects with an open magnetopause can explain the
netopause because the models do not allow for the amount dbowl” and “V-shaped” spin angle distributions observed for
open flux threading the magnetopause, nor do they allow foprecipitating cusp protons (Lockwood, 1997b).

how it is spatially distributed: both of these factors have a It should be noted that for low reconnection rates, the
considerable effect on how a reconnection X-line maps touse of gas-dynamic predictions may be inadequate. The

the ionospheric merging gap (Crooker et al., 1991). lack of fast subsolar reconnection can result in a strong
draped sheath field at the nose of the magnetosphere, and the
1.2 Proton precipitation in the cusp region increased magnetic pressure produces a “plasma depletion

layer” (PDL). If a PDL is present, the sheath densities within
The theory of the cusp ion precipitation produced by mag-it are reduced and the ion temperature becomes anisotropic.
netic reconnection has been reviewed by Lockwood (1995)Both these changes to the sheath ion population close to the
Numerical modelling based on this theory has been verymagnetopause could, potentially, influence the cusp ion pre-
successful in reproducing the cusp proton signatures (Oneipitation spectrum.
sager et al., 1993; Lockwood and Davis, 1996; Lockwood,
1997b; Lockwood et al., 1998). These theoretical ideas,1.3 Proton aurora in the cusp
and the numerical models based on them, contain a number
of elements. They allow for variations in the plasma con- In this paper, we make use of the Lymaremission seen
centration, temperature and flow with position in the mag-in the cusp region. This is produced by the precipitation of
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solar wind protons into the cusp along newly-opened fieldto enhanced reconnection (at latitudes between the magnetic
lines. We use observations by the FUV instrument on thecusps) (Aubry et al., 1970; Maezawa, 1974; Freeman and
IMAGE spacecraft, which requires relatively high solar wind Southwood, 1988; Petrinec and Russell, 1993; Roelof and
densities before the cusp Lymaremission can be detected. Sibeck, 1993).

Auroral emissions are generally excited by both electron The anti-parallel and component reconnection hypotheses
and proton precipitation. Electron capture of precipitating agree on the site of the reconnection for IMF clock angles
protons can yield excited neutral hydrogen which emit sev-of 0 and 180. Foré = 18C([B;lesm < 0, [Bylesm = 0),
eral lines, including Lymane, on return to a lower energy the reconnection sites will be equatorial and will result in
state (Eather, 1967). These emissions are Doppler shifted ithe production of newly-opened flux because the magne-
viewed in a fixed frame. They have been observed in the cusposheath field lines reconnect with closed field lines. On
using groundbased instruments (Lorentzen and Moen, 200Ghort timescales 1 h), the production of newly-opened
Moen et al., 1998) and the SI-12/FUV imager on the IMAGE flux and its assimilation into the polar cap is the dominant
satellite (Frey et al., 2002). The SI-12 instrument is mostdriver of dayside ionospheric flow (Cowley and Lockwood,
sensitive to the Doppler shifted emission around 121.82nm1992). The newly-opened field lines evolve poleward, their
The passband has a minimum response at the non-shifted lin@otion at the magnetopause satisfying the \@halelation
at 121.57 nm which removes the unshifted geocoronal com{Paschmann et al., 1979; 1986; Sonnerup et al., 1981; 1986;
ponent (Mende et al., 2000a, 2000b). The efficiency of thel990; Johnstone et al., 1986): this means that the field line
Lyman-o emission per unit energy flux decreases with in- motion is such that the sheath plasma flows into the mag-
creasing energy of the precipitating protons (Strickland etnetopause at the local Aln speed. In the southward-IMF
al., 1993; Hubert et al., 2001) as a result of processes ircase, the curvature force is poleward as is the sheath flow
the atmosphere competing with the excitation of the relevaniend field lines have to move at roughly the Adfvspeed plus
H(2p) state. The instrument response is of great importancéhe local sheath flow speed. The motion of newly-opened
for quantitative interpretation. The SI-12 channel of the FUV field lines gives the dispersed cusp precipitation discussed in
instrument is most sensitive to precipitating protons in the en-Sect. 1.2 (Reiff et al., 1977; Onsager et al., 1993; Lockwood,
ergy range between 2 keV and 8 keV (giving wavelengths 0f1995; 1997b).
121.82nm and 122.07 nm, respectively, i.e. Doppler shifts of Foré = 0°([B;lecsm > 0, [Bylesm = 0), reconnection
0.25nm and 0.50 nm) with very little response to ions belowwill be poleward of one or both of the cusps at the sunward
1keV (CGeérard et al., 2000). Proton precipitation also pro- edges of the tail lobe(s). A number of topologies are pos-
duces secondary electrons resulting from ionizing collisionssible (Cowley, 1981). The most likely is with reconnection
of the protons and hydrogen atoms with the neutral atmo-between the sheath field and already open flux at the sunward
sphere. These electrons have very low mean energy (Strickedge of the lobe in one hemisphere. This gives reconfigured
land et al., 1993; Lummerzheim et al., 2001) and are effective'over-draped lobe” open field lines on the dayside (Crooker,
in exciting O atoms and Nmolecules and thus in producing 1992) and sunward convection as part of a circulation of lobe
Ol (135.6 nm) and BILBH emissions seen by the SI-13/FUV field lines reflected in the ionospheric polar cap (see ref-
and WIC instruments on IMAGE. Thus, significant fluxes of erences and schematics given by Lockwood, 1998); conse-
precipitating protons can, in fact, be an important contribu-quently, a latitudinal ion dispersion signature is produced in
tor to these so-called “electron emissions” (Frey et al., 2001 the cusp which is in the opposite sense to that for southward

2002). IMF (Reiff et al., 1980; Woch and Lundin, 1992). There is
evidence that the summer hemisphere is favoured for this re-
1.4 Cusp behaviour as a function of IMF orientation connection (Crooker and Rich, 1993) and the IMf com-

ponent may also have an influence (Lockwood and Moen,
The cusp varies in its location and characteristics with the1999). Sunward flows are seen in observations of the magne-
orientation of the IMF. The numerical models discussed intopause bounding the tail lobe (Gosling et al., 1991), which
Sect. 1.2 have generally dealt with southward IMF cases, alagain satisfy the Whah relation (Paschmann et al., 1990):
though they can readily be adapted to northward IMF situa-in other words, the field line velocity is again such that
tions as well (Topliss et al., 2000). The location of the cuspplasma flows from the sheath into the magnetopause at the
and cusp aurora is known to vary with te component of  local Alfvén speed. However, this time the curvature force
the IMF, both being seen to migrate to lower latitudes whenis opposed to the sheath flow and the field lines move more
the IMF turns increasingly southward (Burch, 1973; Feld- slowly. (Note that sunward flows can also be seen for recon-
stein and Starkov, 1967; Vorobjev et al., 1975; Horwitz and nection between the magnetosheath and closed geomagnetic
Akasofu, 1977; Leontyev et al., 1992; Sandholt, 1988; Sandfield lines taking place equatorward of the cusp but away
holt et al., 1998; McCrea et al., 2000). In statistical surveysfrom the nose of the magnetosphere (e.g. Fedorov et al.,
of particle observations by low-altitude satellites, the cusp is,2000).) A further complication is that the overdraped lobe
on average, found at lower latitudes when the IMF is south-field lines may then reconnect with the “old open” field lines
ward (Carbary and Meng, 1988; Newell and Meng, 1992;of the opposite hemisphere lobe, giving re-closed field lines
Stubbs et al., 2001). The equatorward motion of the cusgSong and Russell, 1992; Song et al., 1994) and sunward
mirrors the inward erosion of the dayside magnetopause dufiow. Lockwood (1998) and Lockwood and Moen (1999)
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have discussed the resulting ionospheric flow and cusp/clefically, the models which map the electric fields without al-
aurora. lowance for induction effects predict that the ionospheric
The cusp also moves in response to changes in BUF  flows will respond immediately, and in full, to changes in
(see review by Cowley et al., 1991). For newly-opened fieldthe applied electric field and thus to the IME component.
lines, close to the merging gap, the motion reflects the motionThe model of Cowley and Lockwood, on the other hand, pre-
of the merging gap caused by the magnetospheric field linelicts an immediate onset of change in convection in response
mapping. Cowley et al. predicted this motion from the pene-to the IMF B, changes, but that changes in the ionospheric
tration of the IMFB,, component into the magnetosphere and flow will be smoothed by an inductive time constant of the
showed that in the Northern Hemisphere, the cusp equatorerder of 10—15 min which is the time constant for the day-
ward edge, arising from reconnection near noon, would beside magnetosphere-ionosphere system to come to equilib-
in the afternoon sector faB, > 0 and the morning sector rium with the new amount of open flux (Coroniti and Kennel,
for By < 0. These shifts are consistent with observations1973; Cowley and Lockwood, 1992). Recently, Nishitani et
and are reversed in the southern hemisphere. However, oal. (2002) have found observational evidence for both type
field lines that have been open for longer, the shift with IMF of responses in SuperDARN radar data and both have been
B, is reversed in sense. This is becauseApr> 0, newly-  found from numerical modelling of the Cowley-Lockwood
opened field lines in the northern hemisphere are moved toeoncept by Lockwood (2002).
wards dawn by the magnetic curvature force (the “Svalgaard-
Mansurov effect”) and foB, < 0 they move towards dusk:
thus field lines that have been open for longer tend to accu2 Observations
mulate on the dawn/dusk side for IMF, > 0 andB, < O,
respectively. We present data from 26 November 2000 relating to pro-
ton emission in the cusp. These emissions are monitored in
1.5 The response of dayside convection to magnetopausPoppler-shifted Lymanx by the SI-12 channel of the FUV
reconnection. imager on the IMAGE spacecraft at wavelengths around
121.8 nm, with observations at a variety of wavelengths made
Studies of the response of dayside ionospheric convectiofrom the ground by the UK spectrograph at Longyearbyen,
to changes in the IMRB, component showed a short re- Svalbard and by the EISCAT Svalbard radar. We also com-
sponse time near noon, growing to longer delays at MLTpare the Lymarnx emissions with the oxygen emissions seen
near dawn and dusk. The terms “short” and “longer” in by the SI-13 channel of the FUV instrument on IMAGE
this context refer to typical timescales of the order of 2 and(133.1-138.1 nm). The pattern of convection was observed
10 min, respectively, following the time that the IMF change by the SuperDARN network of coherent-scatter HF radars.
is predicted to have arrived at the dayside magnetopauserhe cusp is identified in passes by various DMSP satellites
Such rapid responses on the dayside were first detected nd upstream solar wind and IMF conditions were monitored
Nishida (1968a, b) in data from ground-based magnetomepy both the ACE and Wind spacecraft. The variations in
ters and have also been observed in radar flow data (Rishbethe cusp Lymanx emission studied in this paper were suf-
et al., 1985; Lockwood et al., 1986; Etemadi et al., 1988;ficiently rapid that the ACE-to-Earth propagation delay must
Freeman and Southwood, 1988; Todd et al., 1988; Cowleybe accurately determined before the controlling influence in
et al., 1998). These studies have used line-of-sight, beamthe IMF can be identified. Consequently, the lag is studied in
swinging, bistatic coherent scatter and tristatic incoherensome detail in the next section.
scatter radar data. The expansion of the convection equipo-
tentials implied was observed directly by the concomitant2.1 Interplanetary data and the propagation lag to Earth
ion temperature enhancement (Lockwood et al., 1986, 1993)
and in the associated expansion of the currents detected byarts (a)—(c) of Fig. 1 show the three components of the
ground- based magnetometers (Saunders et al., 1992; Lockaterplanetary Magnetic Field (IMF) in the GSM frame of
wood et al., 1999). These observations were explained byeference, as seen by ACE (in red) and Wind (in blue).
Cowley and Lockwood (1992) using the concepts of mov-The data are plotted as a function of time at Wind (i.e.
ing, “adiaroic” (meaning “not flowing across”, i.e. non- the ACE data have been shifted in time by a propaga-
reconnecting) segments of the open-closed boundary (Sisca#on lag sty = tw — ta, Wherety is the time at which
and Huang, 1985, Lockwood et al., 1990) and perturbations certain feature in the IMF variation was seen at Wind
of the dayside magnetosphere from equilibrium by the addi-and ¢4 is the time that the same feature was seen at
tion of newly-opened flux (Coroniti and Kennel, 1973). ACE). At 15:00UT, the GSE coordinates of Wind were
The model of flow excitation by Cowley and Lockwood (Xgsk Yase Zgse) = (75.38,9857, —0.76)Rg (where a
(1992) is significantly different from the concept that the re- mean Earth radius, R;=6370km), whereas ACE was at
connection electric field maps down field lines into the cusp(224.82 35.52-16.53Rg. In the GSM frame, ACE’s coor-
ionosphere, such that the voltage seen in the Earth’s frame adinates were (224.82, 30.1225.05R ¢ and those of Wind
reference is the applied reconnection voltage (Banks et alyere (75.38, 95.11-25.9)Rg. In Fig. 1, a constant propa-
1984; Clauer and Banks, 1988, Ridley et al., 1998). Specif-gation delay offzyy = 12 min has been used and this aligns
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Fig. 1. Interplanetary conditions on 26 November 2000, as detected by the ACE and Wind satellites (red and blue lines, respectively). The
top 3 panels give the three components of the IMF in GSM coordinates. The bottom panel gives the solar wind speed observed by ACE. The
ACE data are shown as a function of the predicted time at Wipds 14 + Sty , for a constant propagation ldgy of 12 min. which aligns

the southward turning seen by the two craftyatnear 14:54 UT.

the southward IMF turning seen by both craft just before of 14:53 UT. However, this lag clearly does not apply to the
15:00. Figure 1 shows that similar, but not identical, IMF subsequent return to northward IMF just after 15:00 which is
variations were seen by the two craft. Between shortly af-seen by both craft but with an increased ACE-to-Wind prop-
ter 13:00UT and after 17:00 UT, the IMF was northward agation lag ofstyy = 16 min. One factor in this change in
except for the brief southward excursion during which boththe lag is the decrease in solar wind speed; however, this is
[Bxlesm and[Bylesm changed polarity, indicating a cross- far from sufficient as an explanation, showing that the orien-
ing from an “away” to a “toward” sector, with the IMF in tation of the IMF structures also changed. Note that without
a “garden-hose” orientatio(B, /B, < 0). Figure 1d shows allowance for the actual orientation of the phase front (i.e. us-
the solar wind speed seen by ACE,,, which was enhanced ing the assumption that the front is normal to the solar wind
at about 11:30 UT and remained high throughout the periodiow), the ACE-to-Wind delayty s’ would be 25 min for the

of interest, although it fell somewhat (from about 630 Kmhs  southward turning, rising térwy’ = 26 min for the north-

to around 590 kmst) during the interval when the IMF was ward turning as the solar wind slowed.

southward.
Figure 2a shows the garden hose angle =

In Fig. 1 the ACE data have been lagged by a constantan*l([Bx]Gsy[By]GSE) observed by both craft around the
Sty = 12min, derived for the southward IMF turning rat southward field excursion: these data are shown as a function
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Fig. 2. Detall of the IMF orientation around the southward excursion observed at ACE around 14:45. The top panel shows the garden hose
angley = tanY{[Bxlgse/[ By lgseobserved by ACE (red) and Wind (blue). The Wind data are shown as a function of the predicted time

at ACE,r4 = ry — Sty , for a constant lagry = 19 min. This lag aligns the sector crossing seen by both craft during the interval of
southward IMF. Apart from some toward-away polarity flips seen by one craft but not the other, agreement is generally good throughout the
interval. The bottom panel shows the northward IMF component (in GSM coordif&tel; sp) for the same lagry = 19 min and shows

that this lag does not apply to 8 lgsm data during this interval.

of time at ACEz4 for a lagéry = 19 min which lines up the uate the geometry of the orientation of the southward and
sector crossing afy of 14:45 ¢ of 15:04). An agreementis northward IMF turnings to estimate the corresponding ACE-
seen between the garden hose anght the two craft: most  to-Earth propagation lagétrs anddzgy. Because ACE and

of the large differences before 14:30 relate to sector crossinggvind lie at a similarZ (near—25Rg in the GSM frame)
(giving 180 jumps iny) that pass over one craft but not the they can give information on the orientation of IMF changes
other. The lower panel shows the variationd BfJcswm for in the GSM XY frame. The orientations of the northward
the same lag. The agreemen{ B ]gswm is not good for this  and southward turnings in this plane, deduced from the ACE
Stw and thus, the region of southward IMF intersected byand Wind data, are shown in Fig. 3c. To allow for the effect
both craft is not oriented according to the IMF sector struc-of the bow shock and the draping of the field lines, we make
ture. Because ACE is not on the Sun-Earth line (rather, it isuse of the gas dynamic predictions by Spreiter et al. (1966).
(Y2 + 7z%}1/2 = 392 R from it), this orientation must be Because the flow velocity at the nose of the magnetosphere
inferred if the propagation lag to the Earth is to be estimateds zero in these predictions, field lines actually take an infi-

accurately. nite time to reach the nose of the magnetosphere. Any re-
The ACE-to-Wind lag required to match the ACE and connection at the magnetopause means that field lines do not
Wind observations of the southward turning dsys = stagnate at the nose. For example, for a reconnection rate

12 min atry of 14:41 ¢y of 14:53) but isdtyy = 16 min of ImVm1 and a sheath field of 20 nT, the inflow veloc-
for the northward turning aty of 14:53 ¢y of 15:09). Fig- ity towards the reconnecting magnetopause from the sheath
ure 3a shows that if we use a linear extrapolation of theseside will be at 50kms! , i.e. of the order oV,,,/10. In the
lags (Fig. 3b) to later times we continue to obtain a very goodgas dynamic predictions, we note that the field line that has
agreement between the @B,]gsm variations seen by ACE reachedv,,/10 in the sheath is draped such that its extrapo-
and Wind. A slightly more rapid linear variation &fy; with lation from interplanetary space into the magnetosphere cuts
time would be needed to match the data before the southwarthe X axis very close to the Earth (i.e. neéar= 0). This is
turning. However, the features of interest in this paper all oc-true for both IMF orientations studied by Spreiter et al. (with
curred during and after the southward IMF turning and thus,the IMF atz/2 andx/4 with respect to theX axis). This
the errors ity before this are not relevant and we adopt the means we can allow for the field line draping by equating the
ACE-to-Wind lag variation shown in Fig. 3b. time for the field line to reach the dayside magnetopause to
Because ACE does not lie on the X axis, we need to evalthe time that it would take to reacki = 0 in the absence
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Fig. 3. (2) The northward IMF component (in GSM coordinateByzIgsm) as a function of time at ACE,, as observed by ACE (red) and

Wind (blue) for the linear variation with time of the ldgy = rw — ¢4, shown in(b). (c) shows the inferred orientations and locations of the
southward (orange) and northward (green) turnings of the IMF at 14:53 UT. The plot is in the GSM (XY) frame, in which ACE’s coordinates
were (224.82, 30.12;25.05)R ¢ and those of Wind were (75.38, 95.1H125.9)R ..

of the magnetosphere and bow shock. This procedure yield¥he inferred orientation of the southward and northward IMF
dtgs = 42min andtgy = 45 min and thus, we predict that turnings, shown in Fig. 3c, imply that Bt lcsy = Yp < 0

the southward and northward turnings should be seen in théhe two will meet, meaning that the region of southward IMF
ionosphere at 15:23 and 15:38 UT, respectively. The lineaiin the [ XY ]gswm plane was triangular in shape with the apex
variation of the ACE-to-Earth ladty, shown in Fig. 3(b), of the triangle at),.

strongly implies that we can assume a linear variation to in-

terpolate and extrapolate the ACE-to-Earthdagfrom 61z g Because both ACE and Wind lie to the south of the
andstzy. Comparison with data taken by the IMAGE space- [XY]csm plane (Zgsm ~ —25RE), the orientation of the
craft and the SuperDARN radars, presented below, confirmlMF change fronts in théX Z]gsm plane will also influence
these delay estimates. Note that without an allowance fothe ACE-to-Earth laggtz. Determination of the orientation
the orientation of the phase fronts (i.e. assuming that phas# this plane requires data from a third interplanetary craft
fronts were normal to the solar wind flow direction), yields at a differentZgsm. Because we have no such data, this in-
ACE-to-Earth lags oBrzs’ = 37 min andszzy’ = 40 min troduces an uncertainty in the lag estimates. For example,

for the southward and the northward turnings, respectivelyvariation of the front orientation ot /4, with respect to the
Zgswm axis in the[ X Z]gsm plane, would introduce an uncer-
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Fig. 4. Global images of the Doppler-shifted Lymanemission seen by the FUV instrument on the IMAGE spacecraft, with convection
potential contours from the SuperDARN HF coherent radar network. Images are 5-s integrations, taken once every 122 s. The intensity scale
is the same in each frame — absolute intensities are given by the scale in Fig. 5. The convection patterns are produced by a model fit to all
line-of-sight velocity observations, the model used being determined by the IMF orientations seen by ACE for the propagation lags discussed
in the paper. Streamlines are 6 kV apart. given above each frame is the time of the FUV image, the start time of the closest radar scan, anc
(in parentheses) the ACE-to-Earth propagationdiggused for the convection model input. The vector in the top right of each frame is the
lagged IMF in the Bz 1gsm(up the page— [By lgsm(to the righy frame, the circle corresponding to a magnitude of 15nT.

tainty in the lagstg of +4 min. is plotted in thgf Bz]gsm — [Bylesm frame (shown, respec-
tively, as up the page and to the right) with the circle denot-
22 IMAGE data ing an amplitude[Bz]? + [By1?)Y/? of 15nT. The ACE-to-

Earth propagation lagyz used is the same as that calculated

Figure 4 shows the sequence of images of the Doppler!n Sect. 2.1 and the value éfg for each frame is given in

shifted Lymane emission at wavelength of 121.8m, ob- parentheses just above the IMF plot. It can be seen that the

served by the FUV-SI2 imager on the IMAGE spacecraft. IMF at the magnetopause was northwar.d (in #1&87]asm
. ) . o . direction) for the first frame shown (15:19 UT) but subse-
These images were recorded in 5-s integration intervals, with : . .
deconvolution of the effect of spacecraft spin Successivequemly rotated smoothly clockwise, such that it was in the
) [Bylgswm direction by 15:23, in the-[Bz]gswm direction

images are sepqrated by the spacecraft spin period of 122 y 15:30 and in the-[ By Josy direction by 15:34. After
Magnetic noon is at the top of each frame and concentric_’, " . . ; )
. S : . . a brief anti-clockwise rotation, which returned the IMF to
dotted circles are FOapart in invariant latitude. The time of .
. ; L [Bylesm < 0 and[Bzlgsm < O, the vector again rotated
recording of each image is given above the top left-hand cor- . ; X . :
S clockwise before settling down to a stable orientation with
ner of each frame. Within each frame, the lagged IMF vector[B 1 - 0and[By] - 0 after 15:38
is shown in the top right-hand corner. This vector is com-'" 7 CSM 21GSM R

piled from one-minute averages of the IMF components and In each image, the main auroral oval can be seen, but



964 M. Lockwood et al.: IMF control of cusp proton emission intensity and dayside convection

it is the brightening, fading and motions of the bright spot a). Oxygen emission at 12:00-12:30 MLT
around noon that we are concerned with here. The first
major brightening was at 15:21:26 UT, after which the spot

grew and brightened before fading again at 15:31:40 UT and
re-brightening at 15:35:45 UT. This second brightening was
shorter-lived than the first and the bright spot has almost
completely disappeared by 15:43:36 UT.

In addition to this modulation of the intensity of the spot,
its centre migrated westward, being slightly eastward of noon
at 15:28, but slightly westward of noon by 15:36. This migra-
tion is consistent with the change in the merging gap location
expected for the change in IMF, from positive to negative
in the sector crossing, as seen by ACE at around 14:45. The
westward motion of the spot began at about 15:30, giving an
ACE-to-Earth propagation lag (45 min) which is similar to
that derived for the changes in the IME component. The
motion is consistent with that of the merging gap (i.e. the
footprint of the reconnection site) rather than that of the cusp
plume (Cowley et al., 1991). This is as observed in the sta- 60
tistical survey of the SI-12/FUV cusp proton aurora images
by Frey et al. (2002). From this we infer that in the bright
spot, the imager was observing precipitation along the most
recently-opened field lines (i.e. the elapsed time since recon-
nection is small), close to the reconnection site. In Sect. 5
we use a model of cusp precipitation, proton aurora excita-
tion and the SI-12/FUV response to show that the emission
indeed peaks on field lines of low elapsed time since recon-
nection, and thus relatively close to the ionospheric projec- _ : : ; : :
tion of the reconnection X-line. T 10 20 30 40 =0 eo

The intensifications in the cusp aurora seen around noon UT (min after 15:00)
consititute the growth phase of a substorm, the onset of
which can be seen near _mldmgh_t at 15:43:46 UT (the th'rdFig. 5. Keograms ofa) the oxygen (135.6 nm) ar(®) the Doppler-
from the. I.aSt Trame of Fig. 4) with SUb.Sequent eXpa.nS|0nShifted Lymane (121.8 nm) emission intensities seen by the FUV
clearly visible in the last two frames. This substorm will be ;. cirument in the 12:00-12:30 MLT sectdc) shows the IMFB,
studied in a subsequent paper. component in GSM coordinates, lagged by the predicted ACE-to-

These IMAGE/FUV data were integrated into 48 MLT sec- Earth propagation lagy .
tors, each 30 min wide, to give latitudinal profiles. Parts (a)
and (b) of Fig. 5 show emissions in the 12:00-12:30 MLT
sector: the intensity is plotted as a function of latitude andthe Ol emission is caused by secondary electrons produced
time (in min after 15:00). The two brightenings seen in Fig. 4 by proton precipitation, but also because quasi-neutrality is
can be identified and can also be seen to have coincided witmaintained in the cusp region (Burch, 1985) which means
equatorward motion of both the peak emissignx and of  there is a complex link between the primary fluxes of elec-
the latitudinal band of emission (roughly delineated by thetrons and protons.
yellow lines which show the smoothed variation of the lat- Figure 5¢ shows the IMEB;lcsm component, as ob-
itudes where the intensity fell thnax/2). Figure 5b is the served at ACE and displayed here as a function of time in
Doppler-shifted Lymarnr emission at 121.8nm and is ex- the ionosphere; = 14 + §tg, predicted for a linear variation
cited by proton precipitation: Fig. 5a is the correspondingof the ACE-to-Earth propagation lafyg that is defined by
plot, on the same intensity scale, for the 135.6 nm doublet oBtgs = 42 min anddtgy = 45 min for the southward and
oxygen Ol emissions, observed by the SI-13 channel of FUVnorthward turnings, respectively (as discussed in Sect. 2.1).
As discussed in Sect. 1.3, this Ol emission is produced noConsiderable correspondence between the IMAGE data and
only by primary electron precipitation, but also by secondarythe lagged IMF data can be seen. In particular, the aurora
electrons generated by the ion precipitation (Hubert et al.(in both proton and oxygen emissions) began to move south-
2001; Frey et al., 2001, 2002). Figure 5a shows that the Oward, immediately after the observed southward turning of
emission had many similar features to the proton emissiorthe IMF, and is predicted to have reached the magnetopause.
shown in Fig. 5b. The similarities between the latitudinal This is consistent with the erosion of the dayside magne-
structures and the temporal variations seen in these two emig¢epause and the corresponding cusp migration discussed in
sions is partly caused by the fact that a significant fraction ofSect. 1.4. Subsequently, the bands of emission began to re-
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Fig. 6. DMSP F14 observations of the cusp pass around the 12 MLT meridian at 15:07:58-15:10:27 UT. The top panel shows the integrated
energy flux of electrons (in black) and ions (in red). The second panel shows the corresponding average energies. The upper spectrograr
shows the differential energy flux of electrons, contoured as a function of energy and observation time. The bottom panel shows the same for
ions, with the ion energy scale inverted. The blue and mauve dashed line gives the poleward edge of the cusp precipitation and the orange
and black dashed line gives the equatorward edge.

lax back poleward with the arrival of the effects of the north- ing with decreasing latitude. This “reverse dispersion” re-
ward turning. The peak emission intensity was also clearlyveals a northward-IMF lobe reconnection site and sunward

enhanced when the lagged IMF pointed southward. convection and is consistent with the lagged IMF orientation
which was northward at this time (just prior to the southward
2.3 DMSP data turning — see Fig. 5). The yellow points shown in Fig. 5 are

the satellite locations for 15:08:00 and 15:10:25 UT, marking
The red lines in Figs. 5a and b show passes of DMSP (Dethe boundaries of the cusp precipitation, as defined in Fig. 6,
fense Meteorological Satellite Program) satellites at MLT and agree well with the boundaries of the latitudinal band
close to the 12:00-12:30 UT range used in Fig. 5. The yellowof emission seen at both wavelengths. Note that the satellite
points on each mark the poleward and equatorward edges afaversed the cusp between 12:15 and 10:45 MLT, whereas
electron and ion precipitation which are classified as cusphe intensities in Fig. 5 are for 12:00-12:30 MLT. Thus we
(Newell and Meng, 1992). The particle data for the sec-expect differences between the precise latitudes of the cusp
ond of these two passes, by the DMSP-F14 spacecraft, angoundaries due to the longitudinal variations; nevertheless,
given in Fig. 6. The middle panel shows the differential from the DMSP data we can definitively identify the band of

energy flux of observed electrons as a function of energyemission in both proton and oxygen emissions (Figs. 5b and
and observation time. The lower panel is a similar spectro-a, respectively) as being the cusp.

gram plot for the observed ions, but the ion energy scale has

been inverted. As the satellite passed equatorward, just a2.4 SuperDARN global convection observations

ter 15:10:17 UT (black and yellow dashed line), it observed

a low-latitude edge of low-energy, magnetosheath ions anduperposed on the proton aurora images shown in Fig. 4 are
electrons and enters a region where there are higher-energhe convection flow streamlines deduced using a convection
magnetospheric electrons. This is consistent with the craftmodel fit to observations by the network of Northern Hemi-
crossing the open-closed field line boundary near this timesphere SuperDARN HF radars. These streamlines are de-
(Lockwood, 1997a, b; 1998). Poleward of this is a region of rived by fitting the convection model to the observed line-of-
sheath-like ion and electron precipitation, which is classifiedsight velocities (Ruohoniemi and Baker, 1998). The model
as cusp. Towards the poleward edge of the cusp (which iss driven by the upstream IMF conditions and thus, it is very
marked by the dashed mauve and light blue line) is an ionimportant to quantify correctly the lag from ACE to the Earth
dispersion signature, with the low-energy ion cutoff decreas-for these high resolution response studies. The radar scan



966 M. Lockwood et al.: IMF control of cusp proton emission intensity and dayside convection

used is at the time closest to the FUV image, the start time T T
of which is given above the top right corner of each frame, 200 ety 1o
along with the propagation ladyz in parentheses. Thig
values are those used in Fig. 5¢. The equipotentials are 6kvz *|
apart in each panel. L. | '
At 15:19:24UT the flow was weak and disorganised, \’N N~~~
but began to respond with a localised flow vortex at _ b). clock angle, 6 ! :
15:21:26 around the brightening cusp proton aurora spot neal § =T i \
12:00 MLT. This appears to be the response to the clock angle= ™[ '
increase; however, the lagged IMF was still northward at this N \J"‘"\ ' ! '\"\("\M
time. By 15:23:29 UT the localised vortex had grown into a sl !
larger scale southward IMF flow pattern, dominated by the ¢ | :/\/\/\ |
dusk cell and with a westward flow from a reconnection site < 5| W\ ~ : ]
that appears to be in the afternoon sector; this is consisten = x| ©: o aon Cemraﬁo’r’ N : \/\'\/\/\ Ve
with the positive IMFB, at the time of the southward turn- ; :
ing. During the interval 15:25:32-15:37:48 UT, the westward s O foltage ..
flow poleward of the proton cusp emission gradually decayed < 100} : __/\L
and eventually became weakly eastward; this is also consis- ¢ sk /—/ N——
tent with the IMF B, change to negative during the period I !
of southward IMF and the westward migration of the proton 500_6" poak., Vi : :
aurora. The flow response to the IMF; change is the same E . /_\\ l/\/\\
as was observed in conjugate ionospheres by Greenwald €5 sl N \/_/,\/
al. (1990), using SuperDARN radars. In this interval, the = | !
flow was enhanced but the increase lagged behind the bright: 10 2 % “© %0 80
ening of the cusp aurora. (The flow within the cusp region UT (min. after 15:00)

had an extended peak between 15:37:48 and 15:41:53 UT, o ) o
whereas the proton aurora peaked at 15:30:00 UT.) Fig. 7. Variations of parameters observed during the brief inten-

. . sification of the cusp aurora(a) Imax the peak Doppler-shifted
Thus, the dayside flows responded to the IMF changes Ir]_ymana emission intensity seen along the meridian keogram from

the manner e_xpected, but this response followed the brights_15/r v data integrated over 12:00-12:30 MLT (Fig. &) 0,
ness fluctuations of the cusp proton aurora. The effects of,e |\MF clock angle in GSM coordinates, as observed by AQE ;
the magnetic curvature force giving IMB;-dependent east- N, the proton concentration in the solar wind seen by AQH;
ward or westward flow can be seen in Fig. 4 poleward of ¢, the transpolar voltage from the model fit to the SuperDARN
the proton cusp aurora, as would be expected because thadar data; ande) Vmax the meridional phase velocity of motion
proton emissions are seen at small elapsed times since ref the peak Lymanx emission. All ACE data have been lagged by
connection, close to the merging gap. Section 7.1 discusseie derived ACE-to-Earth propagation detay.

how the aurora and flows were very much as predicted by the

model of ionospheric convection excitation for the produc-

tion of newly-opened flux by Cowley and Lockwood (1992). successive images and is therefore somewhat noisy. To re-
duce this noise, the latitude of the peak seen in Fig. 5b has

been averaged with the mean latitudes of the poleward and

3 Comparison of lagged interplanetary data with cusp ~ €quatorward emission band boundaries. Figure 7d shows the
auroral intensities transpolar voltagebp. scaled from the convection patterns

shown in Fig. 4.
Figure 7 shows the lagged interplanetary data recorded by The vertical dashed lines in Fig. 7 mark the times between
ACE and compares them with the peak Doppler-shiftedwhich the clockwise IMF rotation, as shown in Fig. 4, took
Lyman« emission intensityimax at 12:00-12:30 MLT, the place: these lines mark the times when the first and last
latitudinal motion of this peak and the transpolar voltage changes imr are predicted to have reached the magne-
derived from the SuperDARN convection data. The prop-topause. The dotted line shows the time whgm was near
agation lags between ACE and Earth’s cusp ionospherer/2, prior to the brief return to a more southward orienta-
Stg have been estimated as in Fig. 4 and 5c, giving thetion. It can be seen that the peak proton emission varied with
lagged ACE data variations shown in panels (b) and (c)d. The intensity of the second peak was not proportionally as
of Fig. 7. Figure 7b shows the IMF clock angle, = great as the first but this is, in part, caused by the variation in
tan 1(|[Bylasml/[B:lesm), and Fig. 7c shows the solar the solarwind proton concentratioN which went through
wind proton concentration .. For comparison, Fig. 7a a brief minimum at this time (Fig. 7c). Figure 7(e) shows that
shows the peak Lymasm-emission intensity and Fig. 7e gives the cusp aurora began to migrate southward (velocity of mo-
the velocity of motion of that peak (positive poleward). The tion of peakVnax < 0) whenf began to increase, but began
latter is found from the difference in the latitude between to relax poleward Vinax > 0) as soon as the clock angle re-
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Fig. 8. (Top) The time variations of the peak Lymaremission,/max (red), the peak oxygen emission (blue) and the oxygen emission at the
location of the peak Lyman-emission[/]max (Bottom) The ratio of the emission intensitiggax/[ o Imax at the Lymanx peak. All are
shown for integrations over 12:00-12:30 MLT.

turned to small values with the northward turning. As for particularly during the first brightening. The variation of the
the intensity of the emission shown in Fig. 7a, the latitudinal Ol emission is, at least in part, explained by the emission
motion shown in Fig. 7e reveals the effect of the brief period caused by secondary electrons produced by the proton pre-
of & ~ 7/2 around the dotted line. The transpolar voltage cipitation. It is important to note that the ratio of the emis-
®pc , as shown in Fig. 7d, began to rise a few minutes aftersions shows that the variation with IMF clock angle was pro-
the first response of the proton aurora (in latitude and intenportionally greater for the proton precipitation than for the
sity). It subsequently peaked at 15:37 UT and decayed wittelectron precipitation. Indeed, due to the effect of secondary
roughly the same constant with which it rose (of the order ofelectrons produced by proton precipitation, it is quite possi-
10-15min). ble that the clock angle dependence was present only in the
proton precipitation. In Sect. 7.2 we discuss the importance
Figure 8a shows the peak emission intensiligg for the  of the question of whether or not the electron precipitation
12:00-12:30 MLT sector. The red line is the observed peakhat contributes to the Ol emission also has a clock angle de-
Doppler-shifted Lymarnx proton intensity, the blue is the pendence.
peak oxygen Ol emission and the green is the Ol emission
at the latitude of peak proton emission. The similarity of the  Figure 9 shows a scatter plot of the peak proton emission
behaviour of the emissions at the two wavelengths, discusseithtensity Imax as a function of the lagged clock angle obser-
earlier in connection with Fig. 5, means that the peak inten-vations. However, as noted above, there were also variations
sity for the two wavelengths is found at very similar latitudes in the solar wind proton concentratioryN. Given that the
(compare Figs. 5a and b), and the blue and green lines ilcusp proton precipitation number flux varies approximately
Fig. 8 are very similar. The bottom panel of Fig. 8 shows linearly with the solar wind concentration (Lockwood, 1995)
the ratio of the Lymarn to the oxygen Ol intensities at the and that the Doppler-shifted Lymanemission (and the SI-
peak of the Lymane for this MLT sector. In this paper, we 12/FUV response) will depend linearly on this flux (if all
will not consider the absolute values of these intensities beother parameters remain constanér&d et al., 2001), we
cause that will depend on the details of the conversion ofcan make a linear correction to Fig. 9 to allow for variations
SI-12 and SI-13 counts into intensities. However, we notein Ny.. The result is shown by the points in Fig. 10 which
that similar variations in all intensities were observed, with presents the normalised intensfyax{< Nn+ > /Np4} as
the same double brightening waveform as noted above foa function of lagged, where< Ny, > is the average over
the Doppler-shifted Lymaa-~ However, the bottom panel the full interval presented in Fig. 7. The lines show modelled
shows that the ratio of Lymaan-to Ol intensities increased, variations which will be discussed in Sect. 5.
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Fig. 9. Scatter plot of the peak Lymam-emission intensity/max, Fig. 10. Scatter plot of the normalised peak Lymaremission in-

integrated over 12:00-12:30 MLT, against the IMF clock angle in tensity, Imax{< Nn+ > /Npy}, where Ny is the proton data
GSM observed by ACH,. The ACE data have been lagged by the seen by ACE anc Ny, > is its average value over the interval
derived ACE-to-Earth propagation deléyy . 15:00-16:00. The normalised intensities are averaged over 12:00-
12:30 MLT and are plotted against the IMF clock angle in GSM
observed by ACE® (points). The ACE data have been lagged by
the derived ACE-to-Earth propagation deléys. The solid line
shows the variation predicted by the cusp model for a subsolar re-
connection site, the dashed line is the variation predicted for the
Even for component merging, the locations of the reconnecsame model inputs and a lobe reconnection site.

tion sites on the dayside magnetopause will be a function

of the IMF clock angle. The three rows of Fig. 11 show

schematically three likely configurations relevant to the datacases, the opposite polarity of IM, would give the same
presented here. For each row, the left-hand figure is a view obehaviour, but with all dawn/dusk asymmetries reversed in
the magnetosphere from the dusk flank (with the Sun to thesense.

left and northward up the page), the centre figure is the view In Sect. 5, we use a model to show that the Doppler-shifted
from the Sun (with dawn to the left and northward up the Lyman-w proton emissions, as seen in the cusp region by the
page) and the right-hand figure is a view looking down on SI-12 channel of the FUV instrument on IMAGE, arose close
the Northern Hemisphere ionospheric polar cap (with noonto the reconnection X-line on newly-opened field lines. Thus,
at the top and dawn to the right). The dashed and dottedhe conditions in the magnetosheath close to the reconnection
lines in the magnetospheric views are the magnetopause argite will have been very important in determining the emis-
the bow shock, respectively, thin solid lines with arrows aresion intensity that was seen. For the southward IMF case,
field lines, and the dashed arrow shows the evolution of thethe subsolar reconnection site results in injected solar wind
point where a newly-opened field line threads the magneplasma concentrations that are high (approximately 4 times
topause. In the ionospheric (right hand) plots, the dashedhose in the undisturbed solar wind, Spreiter et al., 1966); the
line is a non-reconnecting open-closed field line boundarytemperature of the source sheath populations is similarly high
(OCB) and the thick solid line is the merging gap, the iono- (the plasma temperature is of the order of 22 times larger than
spheric footprint of an active reconnection X line: thin solid that for the undisturbed solar wind ions). Motions of the re-
lines with arrows are flow streamlines and the dashed line sueonnection site will influence the intensity of cusp emissions
perposed on a streamline shows the evolution of the newlygenerated by both proton and electron precipitations, because
opened field line shown in the magnetospheric views. Thethe concentration and temperatures of the source sheath pop-
grey area is where cusp precipitation occurs along newly-ulations are functions of position. For northward IMF, the
opened field lines. The top row is for subsolar reconnectionbuild-up of a plasma depletion layer would reduce the range
with IMF Bz < 0, By < 0. The second row is for lobe of this density variation and so this effect would be smaller.
reconnection withBzy > 0, By > 0 and the bottom row is

for B > 0, By > 0, but this time with reconnection near

the magnetic cusp which opens closed field lines. Similar5 Model of clock-angle dependence of cusp proton emis-
flow patterns would be expected for anti-parallel reconnec-  sions

tion, but the MLT of the merging gap would be smaller in the

equivalent to Fig. 11a. In this context, it is worth noting that Here we make use of the simulations of the emission ef-
Fig. 4 shows a merging gap of about 3 h in MLT extent. In all ficiency of Doppler-shifted Lymam- emission, convolved

4 Effects of motion of the reconnection site
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a).Bz<0,By <0,
subsolar reconnection

12 MLT

b).Bz>0,By>0
lobe reconnection

12 MLT

C). Bz>o, By>0
reconnection of
closed field lines

Fig. 11. Schematic illustrations of the reconnection geometry(fjra subsolar reconnection site with IMF, < 0, By, < 0, (b) a lobe
reconnection site with IMBB, > 0, B, > 0 and(c) a dusk-flank reconnection site on closed field lines with IBlF> 0, By > 0. The

left-hand figures are views of the noon-midnight meridian from the dusk flank, the centre figures are views of the dayside from the Sun; in
these columns, thin lines with arrows are magnetic fields and the dashed arrow gives the evolution of newly-reconnected flux. The right-hand
figures are views looking down on the northern polar cap with 12 MLT at the top of each, the grey area is newly-reconnected flux where cusp
precipitation is seen. In this right-hand column, thin lines with arrows are flow streamlines, the dashed lines are non-reconnecting segments
of the open-closed field line boundary (OCB), thick lines are the ionospheric projections of active reconnection sites, and open arrows show

the OCB motion.

with the SI-12/FUV instrument response, made bgr&d  Lockwood and Davis (1996), in order to predict the Lyman-
et al. (2001). Figure 12 shows the counts, per pixel per in-« emission intensity on newly-opened field lines in the cusp
tegration timeT, that these authors predict, as a function of region, as a function of time elapsed since the field line was
the (monoenergetic) proton precipitation energy. The predicteconnected. (Time elapsed since reconnection is here de-
tions assume nadir viewing and that the luminosity fills the noted as(z;, — ¢,), wheret, is the time of observation and
pixels. Below about 3.5 keV the instrument response falls offz, is the time that the field line was opened.) As discussed
sharply. The decay in the number of counts per unit energyin Sect. 1.2, this model uses numerical gas-dynamic predic-
flux above 3.5keV is due to the fact that unit energy flux is tions of the plasma temperature, concentration and flow in
carried by fewer particles at higher energies. the magnetosheath and the field line geometry at the magne-
topause rotational discontinuity (RD) to predict the “Cowley-

We also make use of the cusp ion precipitation model of
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40 normal coordinatest is the outward boundary normallies
in the boundary plane and is aligned with the geomagnetic
meridian in the northward directiom lies in the boundary
plane and makes up the right-hand set. The axes shown apply
at the given location of the reconnection neutral line X. The
field inside the magnetospheBg, has nan component, but
the magnetosheath fielBsy, does, making an (acute) angle
( — 6sn) With Bgpin thel — m plane, as seen in Fig. 13a.
Figures 13a and b summarise our expectations for com-
ponent and anti-parallel reconnection, respectively, from the
discussion in Sect. 1.1. In Fig. 13a we show two orientations
of the sheath field, making sheath field clock anglgsand
Osh2 with the interior magnetospheric field at the location of
the reconnection site, X. For this component reconnection
o} e s R e scenario, we consider the reconnection neutral line X to be
proton energy (keV) the same in the two cases. Figure 3b shows the same two
sheath field orientations (in thé ¢z, n) frame for X), but in
Fig. 12. The variation of the Lymam- emission efficiency, con- the anti-parallel reconnection scenario, the reconnection lo-
volved with the SI-12/FUV instrument response, as a function of cation must be different in the two cases; (Xnd %) such
the energy of monoenergetic precipitating protons (aftera@l et that the anglegspi andéspo are both 180
al., 2001). Figures 13c and d give the components of field and flow
vectors for a generalised component reconnection scenario,
projected onto thd — m and! — n planes, respectively:
D” diS'[ribu'[ion funCtion Of magnetosheath ionS injected intO Only When a vector |ies W|th|n the p|ane Shown iS |t marked
the magnetosphere. The field-parallel portion of that distri-yith a vector symbol, otherwise it is a component in that
bution function reaches low altitudes where converging fieldpjane. These plots show the kink in the open field line where
lines have expanded the small pitch angle range in the losst threads the magnetopause rotational discontinuity. Fig-
cone at the magnetopause into an almost isotropic distriyre 13d is the same basic geometry as that used by Lock-
bution. The model accounts for the ion ﬂ|ght times from wood and DaviS, and as employed in the origina| theory of
the magnetopause to the ionosphere along the newly-openege jon acceleration by Cowley (1992); however, because the
field lines as they convect away from the reconnection sitesheath field no longer lies in thie- n plane, some full vec-
Thus, the model accounts for spatial structure in the magneigrs have become components. The anglaad x are close
tosheath, ion acceleration at the magnetopause RD and timgg zero at the reconnection site, but then increase as the open
of-flight dispersion (Lockwood, 1995). Precipitation is here fie|q line propagates towards the tail lobe: their values are
modelled down to an altitude of 130 km, the lower boundary taken to be a function of the distance from the reconnection
of the emission altitudes of the proton aurora. site, using the same input variations as in the Lockwood and
Davis simulations. The total flow over the boundary,, \6
5.1 Generalising the cusp precipitation model for compo-the vector sum of the sheath plasma flow,4nd the field
nent reconnection line velocity, Vi (caused by the magnetic curvature force),
and is such that the field-aligned flow into the magnetopause
Lockwood and Davis (1996) only considered the special caseD is at the local Alfén speed in the field line rest frame
where the sheath field and the interior magnetospheric fieldthe de Hoffman-Teller frame), as in the model of field line
were coplanar, i.e. the clock angle, of the exterior mag-  evolution by Cowley and Owen (1989). The kink in the field
netosheath field in the magnetopauge- m) plane, with  line moves with velocity ¥ and this makes an angsewith
respect to the interior magnetospheric field, is°18Thus  the sheath field in the I-m plane. From the geometric con-
these authors were simulating anti-parallel reconnection andtruction in thd — m plane shown in Fig. 13a, the projection
the results were valid for component reconnection only in theof the field line velocity onto thé — » plane (Fig. 13d) is
special cases of purely northward or southward IMF (whenv e cogw — 6sh— 8). For the anti-parallel case used by Cow-
the anti-parallel and component hypotheses predict the samiey and by Lockwood and Davis, this velocity wig. Thus,
behaviour). In this paper, we generalise to allow for otherthis cosine factor was unity in the Lockwood and Davis sim-
values offgp, i.e. component reconnection at general clock ulations (i.e. for purely southward IMF for reconnection at
angles and locations. For simplicity, it is assumed that  the nose), but here falls to zero f@#sy + §) = 7/2 and is
does not vary with(z; — ¢,) as the field line evolves away negative for(@sn + 8) < /2. It should be stressed here that
from the reconnection site; this is likely to be a valid simpli- in all cases the reconnection is at the nose of the magneto-
fication as proton emission peaks at relatively sriah-7,).  sphere and thus, thiap < /2 cases are unlikely to be re-
Figure 13 shows the geometry of newly-opened field linesalistic because, in reality, the reconnection site will move in
threading the magnetopause in magnetopause boundaryhese northward-IMF cases to locations that dgiye> 7/2
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Fig. 13. Geometry of newly-opened field lines at the dayside magnetop#aj€b), and(c) show thel — m plane of the magnetopause,
whereadqd) shows a cross section of the magnetopause i the plane, where n is the outward normal to the boundary. (a) shows two
orientations of the sheath field (projections ontolthem plane arg Bgy/]1 and[Bgh o) for component reconnection at a reconnection site
X. (b) shows schematically reconnection sitesad X needed to give anti-parallel reconnection for the same sheath field orientations. (c)
and (d) give the geometrical construction (projected ontd then andn — [ planes, respectively) needed to compute field line motion and
the proton acceleration on crossing the magnetopause RD.

(as discussed in the Introduction and in Sect. 4). To com-of the accelerated ions on the magnetospheric side of the
pute V&, we use the sheath flowsland the Alfven speed  boundary \p, and its field-aligned componefi¥1sp, de-

V4, as specified everywhere adjacent to the magnetopauggend on both these angles. The case studied by Lockwood
by the gas-dynamic predictions. The only unknown requiredand Davis employeésp, = § = 0, which gives a maximum

by the method of Cowley and Owen is then the sheath field V| ]sp and smaller values will result for larger angles. Thus,
anglebsn, which we prescribe here at the reconnection sitethe Cowley-D distribution function of injected ions is shifted
and assume to remain constant over the relatively short rang® lower energies as these angles increase and the case stud-
of elapsed time since the reconnection that we are concerneiéd by Lockwood and Davis gives peak ion acceleration at
with. the magnetopause.

The geometric construction in Fig. 13d shows how the Figure 14 shows an example of the results obtained. This
flow of ions through the magnetopause (at the local &ffv  case is fordsp, = 105 ands = 0, i.e. component merg-
velocity Va in the dHT frame) adds vectorially to the field ing with southward IMF near the nose of the magnetosphere.
line kink velocity in the Earth’s frame, M to give an ion  The simulation uses the average upstream solar wind pro-
bulk flow velocity in the Earth’s frame which is considerable ton concentratioriNy,) = 2.95- 10’ m~2 and temperature
larger on the magnetospheric side of the boundary. BecauséTy,) = 3.3 - 10°K observed by ACE at 14:42-14:47 UT
the projection of the kink velocity into the— n plane shown  (corresponding to 15:24-15:29 in the ionosphere), with a re-
in Fig. 13d, depends on the angleg and$, the bulk flow  connection site that is a distande= 5 R along the equato-
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Fig. 14. Modelled cusp ions as a function of time elapsed since reconnéctiert,) for a clock angle between exterior (sheath) and interior
fields of 65y, = 110°, using the model of Lockwood and Davis (1996), generalised to allowsfpez 180°. The simulation uses average
upstream proton concentratigNp) = 2.95- 10’ m—3 and temperaturély) = 3.3- 10°P K observed by ACE at 14:42-14:47 UT, with
a near subsolar reconnection site) The differential energy flux,g] colour-coded (using the scale to the right which presentg|dg in
cm2s 1sr1] and as a function of ion energy; and(z; — #,). (b) The mean ion energy: E; >, (c) the total precipitating ion number
flux F — i and(d) the Lymane emission intensity], as would be detected by the SI-12/FUV instrument.

rial magnetopause from the nose of the magnetosphere. Thisn energy(E;) at each(t; — t,). This jumps up from the
value of d was obtained by an iterative fit to the intensity ob- magnetospheric levels with the arrival of the first (highest
served for clock angles neafr = 7. The top panel shows energy) accelerated magnetosheath ions from near the recon-
the modelled ion dispersion in spectrogram format: the dif-nection site: (E;) then decays withz, — #,) as the lower
ferential energy flux/g is plotted as a function of ion energy energy ions arrive (the time-of-flight effect), and because the
E; and time elapsed since reconnectian— ¢,). Because it acceleration at the magnetopause decreases(with ¢,).
shows the variation witk¢; — 7,), Fig. 14 is for an imaginary ~ The third panel gives the downward flux of iong, which
observer moving with the footprint of a newly-opened field rises with the arrival of the first sheath ions and decays only
line. slowly as the cusp precipitation, evolves into mantle precipi-

. . tation because the point or particle entry for that field line is
The second panel of Fig. 14 shows the predicted average P P y
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evolving away from the nose of the magnetosphere. 5¢

451

5.2 Prediction of SI-12/FUV observations

4L

To estimate the Doppler-shifted Lymanemission and the r

SI-12/FUV instrument response to that emission, we use the% st
results of Grard et al. (2001) for mono-energetic precipita-
tion, summarised in Fig. 12. We treat the modelled precipi-
tating spectrum in Fig. 14a as the sum of a number of mono-
energetic precipitations over energy rangds wide. For 15}
each ion energyt;, we compute the counts per second per
pixel which would be produced by ions of that energy, from
the total energy flux at energy in the ranfjeto (E; + dE;) o5t
at a given elapsed time since reconnectign- ¢,), as given

by Fig. 14a. Like @rard et al., we assume that the emission
fills the pixel and that we are viewing from nadir. We then

sum the total counts over all th ranges to obtain the to- Fig. 15. Modelled variations of the Lymaa-emission intensity,
tal number of counts. These counts are then converted to kR \.ith time elapsed since reconnectian — 7,) for a clock angle

in the same way as were the observations: namely 4.8 kR igetween exterior (sheath) and interior fielil between 60 and
taken to correspond to 30 counts per pixel per 5-s integration g,
period, which is the response simulated bgr&d et al. for
a precipitating kappa spectrum of mean energy 8 keV, which
represents an average for the instrument (see their Table 1). Because we cannot readily track the ionospheric footprints
The results for the spectra evolution presented in Fig. 142f newly-opened field lines, from the IMAGE data we can-
are given in Fig. 14d. It can be seen that the modelled peakiot easily or reliably reconstruct the evolution with — ¢,)
emission, in this case, occurs @ — f,) near 250s. Be- of intensity from the data. Thus, we cannot present the ob-
fore this peak, the intensity observédises as the flu¥;  servations in a way that can be compared with Figs. 14 and
rises due to the time-of-flight effect. Note that virtually zero 15 directly. We can, however, define the peak emission and
emission is seen foft, — t,) < 150s because virtually compare this with the peak intensities predicted by the model
no ions have arrived at these elapsed times since reconnei Fig. 15.
tion. This means that the first proton emission is seenv150 The peak emission intensity in Fig. 15 varies frémax =
downstream from the actual open-closed field line boundary0.17 kR, at(t; —t,) = 200 s, for9sh = 60° t0 Imax = 4.9 kR,
(OCB), whereV, is the convection speed across the OCB. at (¢, — t,) = 300 s, fordsy = 180C°. The full variation of the
This delay is consistent with the data shown in Fig. 7: thepeak intensity/maxWwith the angledg, is plotted in Fig. 10,
intensity began to increase roughly 2.5 min after the aurorawhere it can be compared to the observed variation of peak
begins to migrate equatorward (when the southward turningntensity given by the points. We can compare this mod-
is predicted to have reached the magnetopause). For a typicalled variation ofl/max as a function obs, with the observed
V. of 1kms1, this distance is 150 km. After the peak, the Iax as a function ofue because clock angle is preserved
modelled intensity decays rapidly due to the decay in the across the bow shock (e.g. Opgenoorth et al., 2001). It can
flux F; and, in particular, the fall in ion energies, as indicated be seen that the agreement for southward IMF is quantita-
by (E;). In this case the intensity reaches a peak value, tively good. A complication is that the IMF orientation used
Imax. roughly 4 min after the field line was reconnected. is for the time that the field line is predicted to have reached
Figure 15 shows this variation of synthesized proton emis-the reconnecting dayside magnetopause, and thus relates to
sion intensity/ (allowing for the SI-12/FUV instrument re- (s —1,) = 0, whereas Fig. 15 shows that the Doppler-shifted
Sponse) with time e|apsed since reconnectign- t,) for Lyman« emission is predicted to peak at an elapsed time
a variety of model input sheath field clock angleg (the  since reconnectiofy; — z,) of 200's for6sy = 60°, rising to
green curve is the one discussed in detail above and showd00's forfsp = 180°. This additional lag of 3—5min may
in Fig. 14d). Two features are apparent: first, intensities arecause some of the scatter in Fig. 10, having more of an ef-
considerably enhanced wheég, approaches 180 This is  fect when the IMF orientation is changing rapidly. However,
because the largég, gives more acceleration at the magne- We note here that the additional lag is smaller than the uncer-
topause rotational discontinuity and this lifts more ions to- tainty in the ACE-to-Earth lagsg caused by the unknown
wards the peak in the emission efficiency curve (Fig. 12).0rientation of the IMF change front in tHe( Z]gsm plane
Secondly, the time since reconnection of the peak emissioffas discussed in Sect. 2.1, this can be considered to be typi-
increases to about 5min fek, = 18C°: this reflects the  cally =4 min).
changing balance between the effects of ion energy and ion For northward IMF, Fig. 10 shows the results for a lobe
flux. reconnection site as a dashed line. The location of this
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Lyman+ intensity with IMF clock angléur over the range

90° < OmrE < 180 (southward IMF) is well explained by
component near-subsolar reconnection. Similarly, the varia-
tion over the range?0< Oimr < 90° (northward IMF) could

be explained as component reconnection at a lobe reconnec-
tion site. In the next section we discuss the possibility of
the anti-parallel reconnection scenario producing the same
result.

(kR)

max

- o
(n-0,,.-5) = 180

Peak Intensity, |

o
T

6 Interpretation in terms of component and anti-
parallel reconnection
N 120°
‘ _o0° . ‘ In principle, it is possible that the reconnection site might
30— ; ‘ ‘ : : . : ‘ move location even for component reconnection, and that
25t 1 general reconnection behaviour may be a mixture of anti-
20t 1 parallel and component behaviours. For example, one pos-
@ 1sp ] sibility is that component reconnection is only possible rela-
10 ] tively close to the nose of the magnetosphere where the mag-
8 ] netosheath flow stagnates, and that away from the nose only
b : : : : : : : : anti-parallel reconnection is possible.

Figure 10 demonstrates that component merging at a fixed
| | reconnection site can explain the observed clock-angle de-
g pendence of the proton emissions revealed in this paper. It
| is interesting to ask if the clock angle dependence can also
o2r | be explained by anti-parallel reconnection. To do this, we
o0 02 0@ 9! 0: & oz 0@ oo 1 have to look at all the implications of the reconnection site

Sheath temperature ratio, (Ty, /T,) moving — i.e. of there being systematic variations with the
clock angled,ur of the distancel in the magnetopause sur-
Fig. 16. (a)Modelled effect of sheath ion temperatufg, on the  face between the reconnection site and the nose of the mag-
peak Lymanw emission. The peak emissiofimax, is shown as a - netogphere. Table 1 lists all the relevant factors for a de-
function of Tg/ Th, whereTy is the value offs at the nose of the crease in the IMF clock angléwr from its peak value of
magnetosphereln = 22.33Tsy). Values are shown for the angle =" ier values. The cusp auroral measurements dis-
factor(w —gn — §) of 180", 1507, 120° and 9. (b) The distance . i 6 Introduction suggest thatmust exceed about

from the nose of the magnetosphede and(c) the sheath plasma . :
concentration ratioVsy/Nn, both as a function ofgy/Th, where ~ 7/4 before low-latitude component reconnection can occur.

Np is the value ofVg, at the nose of the magnetosphere. In addition, the anglé has a maximum limit ofr/2, be-
cause larger values would mean that reconnected field lines
were moving back into the reconnection site and reconnec-

) i tion could not be sustained.

lobe X-line has been chosen to match the observations near

Oimr = 0: the value offmax is lower than for the subsolarre- g 1 \jagnetosheath electron and ion concentration changes

c_onnectlon W!t|’9|MF = 180, because the plgsma concentra- at the reconnection site

tion at the X-line is lower and because the field lines convect

sunward against the sheath flow, making the field line speegr,o plasma concentration in the magnetoshaaghclose to
Vr lower and thus reducing the ion acceleration on crossingpe magnetopause boundary, is a function of position. The
the RD. The actual location deduced is not highly reliable be'gas-dynamic models predict that the ratg,/Nsw (Where
cause observations by the Interball and Polar satellites shovx,sw is the plasma concentration in the undisturbed solar
that ion acceleration is indeed low for lobe reconnection, burwind) is about 4.2 at the nose of the magnetosphere, but this
that plasma is apomalously heated on cros§ing the lobe MaGatio falls to values below 1 at large(above about 2®).
netopause (Savin et al., 2001; T. Phan, private communicagoying the reconnection site will change the concentration
tion, 2002; T. Onsager, private communication, 2002). Theyt hjasma entering the low-latitude edge of the cusp and thus
weak dependence of the intensity of the northward-IMF cusp,ecipitating into the ionosphere down newly-opened field
on clock angle is in good agreement with the statistical sUrjines close to the open-closed field line boundary. Burch
vey by Frey et al. (2001): the authors found a clear depeny) ggs) has shown that quasi-neutrality of plasma holds in the
dence on solar wind concentration but a weak dependence 0¥,y and thus, this effect will influence the electron and ion
IMF B.. precipitation flux by the same factor. This is inconsistent
Figure 10 shows that the observed variation of the peakwith the observations presented here, as it would mean that
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Table 1. Effect of decreasing IMF clock angbgyr from

Component Merging Anti-parallel Merging
X-line location considered here as fixed must move away from nose
Distance from nose/ stays constant increases
Sheath proton concentration at X-line stays constant decreases
Sheath electron concentration at X-line  stays constant decreases by same amount
as proton concentration
Sheath proton temperature at X-line stays constant decreases
Sheath electron temperature at X-line stays constant likely to decrease,
but not as much as ion temperature
Sheath field clock anglégp decreases (down to limit constantat
of aboutr/4)
Sheath flow anglej increases (up to limit ok /2)  increases (up to limit/2)
cogw — Ogp — §) factor decreases decreases
Field line velocity, \f approximately constant Flow orientation effect causes decrease

Flow magnitude effect causes increase

changes in the Ol oxygen emission would match those in thescribed in Sect. 5. In the top panel, the peak emisgigris
Lyman-, such that the ratio of the two is constant. Figure 8b plotted as a function of the rati&/ 7, whereTy is the value
shows that this is not the case. Furthermore, the predictedf Ts, at the nose of the magnetosphéfe= 0). To place the
dayside plasma concentration variation in the magnetosheattange of sheath temperature changes modelled into context,
is by a factor of about 4 at most, and thus, this is smallerparts (b) and (c) of Fig. 16 show the gas-dynamic predictions
than the observed variation, which was by a factor of aboutof the corresponding and the ratioNsn/Nn (Where Ny, is
6. An additional complication is that a build-up of magnetic the value of the sheath concentration at the magnetopause,
pressure in a PDL also decreageésg, however, this reduc- Ngn, atd = 0). In order to isolate the effect of tempera-
tion is predominantly at the nose of the magnetosphere wherare, the plasma concentration at the X-line is held constant
draped field lines are hung up on the magnetosphere. Thim Fig. 16a. The results are found to depend on the degree
means that the range ofs, values in the sheath is reduced of ion acceleration at the rotational discontinuity, which is
below the factor 4.2 predicted by the gas-dynamic model.modified by both the sheath field clock anglgand the field
We can conclude that, although a relevant influence, plasméine motion angles (see Fig. 13c). Figure 16 shows the re-
concentration changes caused by motion of the reconnectiosults for (x — 6sp — 8) of 18, 15C¢, 12¢° and 90. The
site is not sufficient as an explanation of the clock-angle de-effect of sheath temperature is different in these cases. For
pendence of the proton emission intensities reported in thisow (7w —06sp— 8), the ion acceleration at the magnetopause is
paper. low. In these cases, decreasifig (by increasing?) causes
there to be fewer ions in the hot tail in the ion distribution and
6.2 Magnetosheath electron and ion temperature changd§ese are the only ions with sufficient energy to cause signifi-
at the reconnection site cant counts in the SI-12/FUV instrument (see Fig. 12). Thus,
Imax decreases with decreasifig, (increasingd) for small

Plasma temperature gradients in the magnetosheath af& — fsh— 4). On the other hand, for highr — 6sh — &) the

greater than the corresponding plasma concentration gradion acceleration at the magnetopause is large. Consequently,

ents. The gas-dynamic models predict that at the nose of thehe hot tail of the ion distribution is at energies considerably

magnetosphere the plasma temperature is 22.3 higher thaif€ater than the energy of peak response in Fig. 12. Thus, in

the plasma temperature in the undisturbed solar wind, andh€se cases, reducifig,causes more ions to be at the energy

that this factor decreases towards unity with increaging ©Of Peak instrument response and the number of instrument

However, the behaviour of the ion and electron temperature§0UNts increases. Thufnax increases with decreasirigh

is likely to be different. Very little systematic information is (increasing?) for large (r — 6sh — 9).

available on this; however, electron temperature is expected However, Fig. 16 shows that these changekis caused

to be somewhat more constant than ion temperature due tgy magnetosheath ion temperature changes are relatively

electron heating at the bow shock and the greater electrogmall (compared to the changes caused by ion concentra-

mobility. tion variations and the magnetopause acceleration factor),
Figure 16 studies the effect of sheath ion temperalyfe except for unrealistically largé (greater than about 20g)

on the peak proton emission intensity, using the model deand(6s, + §) near zero. Thus, we expect the relatively small
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effects because the X-line usually remains within2g of at 15:16-15:22. On the other hand, the ionospheric transpo-
the nose. lar voltage first rises at 15:22 and did not peak until 15:37.
Thus, the flow lags behind the reconnection, as predicted by
6.3 Magnetosheath field clock angle and magnetosheatthe Cowley-Lockwood model and is inconsistent with the
flow angle concept of spatial mapping of the reconnection electric field
o i _into the ionosphere. The relatively rapid response of the pro-
By definition, the clock angle that the sheath field makes withiyn aurora allows us to image the area of newly-opened flux
the interior field at the X-linefsn, is 7 for anti-parallel merg-  generated by a reconnection pulse in this case (and because
ing. However, moving the reconnection site also alters thegg|ar wind concentrations were sufficiently high); Figure (4)
orientation of the sheath flow with the sheath field and thisgnows that it has the form envisaged by Cowley and Lock-
changes the anglewhich the field line velocity makes with  y404 (1992).
the sheath field (as defined by Fig. 13). The arigheas a Following the second peak in the proton emission, caused
maximum value ofr/2: for greates the newly-reconnected  py the second peak in the IMF clock angle, the luminosity on
field lines would be moving back toward the X-line and re- {ne newly-opened field lines faded over the interval 15:36—
connection could not be sustained. Thass constrained 1543 This is consistent with the model predictions of the
to be between 0 and/2. If we consider that the realis- ¢sp proton aurora which show that emission will decay at
tic range ofég, values for component merging is from near elapsed times since reconnectian— 7,) between about 4
7 /4tom, we can see that anti-parallel reconnection, throughsnq 9 min (Fig. 15). Figure 4 shows that the dayside au-
the angles, can introduce a similar variation into the factor (g5 was returning to a more circular form at this time, as
COSm — sh — §) @s can component reconnection. was also predicted by the Cowley-Lockwood flow excita-
tion model. After 15:39, when the IMF returned to small
clock angles, the dayside aurora migrated poleward (Fig. 7e)
and poleward convection is maintained (the transpolar volt-

We have presented observations of the response of the daf{9€ ®pc remains at 50-80kV, Fig. 7d). The convection and
side ionosphere to changes in the IMF clock angle. Speciﬁ_auroral boundary velocities were similar at this time. Both
cally, we have looked at the changes in the Lyraaproton signatures are consistent with the poleward retreat of the now

aurora, the oxygen Ol emissions and the pattern of daysid@0n-reconnecting (i.e. adiaroic) polar cap boundary follow-
convection. ing the return of the IMF to small clock angles. Thus, the

observed convection flow response was fully consistent with
7.1 The response of dayside aurora and ionospheric flow the Cowley-Lockwood model, as was the erosion and relax-

ation of the dayside open-closed field line boundary, approxi-
The data presented here provide a good demonstration of theately delineated by the equatorward edge of the cusp proton
model of ionospheric flow excitation by Cowley and Lock- emission.
wood (1992). The high solar wind concentration during Another feature predicted by the Cowley-Lockwood
this event allowed the production of newly-opened flux to model is the expansion of the convection pattern, consistent
be monitored by the FUV/SI-12 instrument on IMAGE, us- with several sets of observations, as discussed in Sect. 1.5.
ing the proton aurora produced by magnetosheath ions preFhis expansion can arise for three reasons: the first is due to
cipitating into the cusp ionosphere. Figure 7 shows that aany longitudinal expansion of the active merging gap, as pos-
number of things happened when the effects of the onset ofulated by Lockwood et al. (1993), Lockwood (1994), Milan
the increase in IMF clock angle reached the ionosphere (eset al. (2000a), and McWilliams et al. (2001). Secondly, ex-
timated to be at 15:19 UT). Specifically, the aurora (seen inpansion will be caused by the fact that newly-opened flux
both Lymane proton and oxygen Ol emissions) began to mi- is eroded from the dayside and only later added to the geo-
grate equatorward near noon and the proton aurora began toagnetic tail by the solar wind flow (Cowley and Lockwood,
intensify roughly 2.5 min later. Shortly thereafter, the con- 1992): this makes those segments of the open-closed bound-
vection flows began to increase (as quantified by in the transary that are expanding equatorward evolve towards midnight
polar voltage®pc). Figure 4 shows that intially the bright- as the newly-opened flux in the lobe propagates antisunward
ening of the cusp proton aurora was restricted to a spot neailLockwood, 2002). In the case presented here, the time con-
noon but that this grew in longitude and eroded equatorwardstant for doing this will have been roughly two-thirds of the
over about 3 h of MLT during the interval (15:19-15:27 UT). typical values (i.e. of the of order 10 min instead of the typ-
The model presented in Sect. 5 (see Fig. 15) predicts that thigal 15 min) because the solar wind speed is of the order of
proton emission peaks on each newly-opened field line 3mir00km s (which is 1.6 times larger than the mode value
after reconnection for smaller clock angles (appropriate toof the solar wind speed of 370 km. Thirdly, even if the
the onset), rising to 5 min for larger clock angles (appropri- polar cap expands uniformly at all MLT and the convection
ate to the peak of the variation of Lymanemission). Much  pattern is constant in form, the dominance of dayside recon-
of this delay is due to the flight time of cusp ions from the nection in this growth phase means that there are gradients
magnetopause to the ionosphere. Thus, we can conclude that flow speeds that will mean that equipotentials will migrate
the reconnection causing the initial erosion mainly occurredaway from noon as the polar cap voltage increases and flows

7 Discussion and conclusions



M. Lockwood et al.: IMF control of cusp proton emission intensity and dayside convection 977

a).15:30-15:32UT b).15:42-15:44 UT c).15:46-15:48UT

Fitted vecs
Fitted vecs Fitted vecs 11/26/2000 5 2 ,,U APL MODEL
AZNEY. APLMODEL  11/26/2000 RS APL MODEL 15:46:00 - P Tsol K sarerz
15:30:00 - K 6<BT<12 15:42:00 - > i ~3k - 6<BT<12 15:48:00UT - o S z+/By-
15:32:00 UT T 0 S Bz-/By- 15:44:00 UT , } - ~ Bz4/By- —~ -
- ) Bea, e : 2
15MLT _~ LT, 15T - e S ST
TN 2000 mis i . YN 2000 m/s
< N

1000 A\ g 1000
NA
2 RAY
~=. 7\ Y 'soo
SN P

11/26/2000

[o}

2000 m/s
1000

\ H 800

Fig. 17. (a)Fitted model convection patterns and flow vectors (one component of which is observed and the other component, perpendicular
to the line-of-sight, is generated from the model fit) from SuperDARN radar data integratehp¥&r30:00—15:32:00 UT(b) 15:42:00—
15:44:00 UT andc) 15:46:00-15:48:00 UT. Flow vectors are color-coded according to their magnitude.

intensify (Lockwood and Cowley, 1999). (producing new open flux) when the IMF is northward, for

At first sight, the flow patterns shown in Fig. 4 do not ap- Oime betweens/2 and aboutr/4 (Onsager and Fuselier,
pear to show the expansion of the convection pattern pre1994; Fuselier et al., 1995; Chandler et al., 1999), although
dicted by the Cowley-Lockwood model. However, it is im- some of these cases can also be interpreted as lobe recon-
portant to note that these flow patterns are derived using @ection (Onsager et al., 2001). Two bands of cusp red-line
model fit to the SuperDARN data. The model used is a func-aurora (630 nm) are often seen fey4 < Omr < n/2
tion of the lagged IMF, with no allowance for the history of (Sandholt et al., 1998) and this is interpreted as reconnec-
the IMF: in other words, the model assumes steady state antion taking place simultaneously at the lobe magnetopause
fits steady-state flow patterns and will thus tend to suppressind “low-latitudes” (meaning between the cusps). This sig-
features that are associated with the expansion, which is aature has also been defined in EISCAT radar data (McCrea
non-steady-state feature. This is important because the avaikt al., 2000) and satellite observations of the cusp (Weiss et
ability of radar data was not uniform: in particular, coverage al., 1995). Anderson et al. (1997) have suggested an expla-
was poorest in the pre-midnight sector at this UT and thushation of of the production of new open field lines for north-
this sector of the flow pattern derived is the most dependenward IMF in terms of the sheath field distortion in the plasma
on the (steady-state) model. depletion layer. Figure 7 demonstrates that erosion did in-

That having been said, expansion can be seen where th@eed occur forr/4 < 6iur < m/2: the equatorward ero-
model fit is most informed by radar data, namely in the dawnsion commenced at 15:19, but the lagged IMF did not turn
flow cell. The MLT segment where flow is equatorward (giv- southward@wr > 7/2) until 15:23, when both the trans-
ing streamlines that cross the open-closed boundary, out gpolar voltage and the peak proton aurora intensity increased
the polar cap) can be seen to migrate away from noon, beingteeply. The northward turning was sufficiently sudden that
at5-8 MLT at 15:31:40 UT, 1-6 MLT at 15:41:53 UT and 0— 6ivr fell below bothz /4 andr/2 at approximately the same
4MLT at 15:48:02 UT. This can be seen in greater detail intime (15:39, when equatorward motion of the aurora ceases)
Fig. 17, which shows the fitted equipotentials and vectorsand this effect was, therefore, not detectable during the north-
from the observations. The vectors are fits to observed lineward turning.
of-sight flow components. An additional indicator of the ex-
pansion is the flow “throat” into the polar cap that can be seer?.3  Differentiating between component and anti-parallel
to have expanded from 11-14 MLT at 15:25:32, to 9-16 MLT reconnection
at 15:33:43 UT.

The data presented here clearly show a modulation of the in-
7.2 Open field line production during northward IMF tensity of cusp proton emission with IMF clock angle. We
have combined a model of cusp ion precipitation by Lock-

The observed IMF clock angle dependence of dayside flowsvood and Davis (1996) and Lockwood (1997b) with theoret-
and the cusp proton aurora in this event provides evidencécal considerations of the excitation of Lymanemissions,
that opening of closed flux can continue even when the IMFconvolved with the IMAGE SI-12/FUV imager response.
points northward, provided that the clock angle is not too This model has been generalised to allow for variations in the
small. Several authors have reported satellite observationslock angledsy of the sheath field (with respect to the internal
showing that reconnection can take place between the cusggld) at the reconnection site, and the anytd the direction
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