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Abstract. We present two event studies illustrating the de- sofu, 1969). These arcs, variably referred to in the litera-
tailed relationships between plasma convection, field-alignedure as “Sun-aligned arcs,” “polar cap arcs,” “high-latitude
currents, and polar auroral emissions, as well as illustratarcs,” and “polar arcs,” have been observed for many years
ing the influence of the Interplanetary Magnetic Field’s y- using all-sky cameras (e.g. Lassen and Danielsen, 1978), and
component on theta aurora development. The transpolar anghotometers on board low-altitude polar-orbiting spacecratt,
of the theta aurorae moves across the entire polar region anslich as ISIS and DMSP (e.g. Gussenhoven, 1982; Ismail and
becomes part of the opposite side of the auroral oval. ElecMeng, 1982; Hoffman et al., 1985). However, due to the lim-
tric and magnetic field and precipitating particle data are pro-ited view of all-sky cameras and photometers on low-altitude
vided by DMSP, while the POLAR UVI instrument provides satellites, these arcs were considered relatively isolated fea-
measurements of auroral emissions. lonospheric electrostatitires. It was not until imaging instruments were flown on
potential patterns are calculated at different times during thehigh-altitude spacecraft, such as Dynamics Explorer 1 (e.g.
evolution of the theta aurora using the KTH model. TheseFrank et al., 1982, 1986) and Viking (e.g. Murphree et al.,
model patterns are compared to the convection predicted b§987), that the existence of so-called transpolar arcs (TPAS),
mapping the magnetopause electric field to the ionospher&uminous features extending across the polar region linking
using the Paraboloid Model of the magnetosphere. Thehe dayside aurora to the nightside oval, became clear. A
model predicts that parallel electric fields are set up alongcomprehensive overview of observations related to polar arcs
the magnetic field lines projecting to the transpolar aurora.and their electrodynamics is found in Blomberg and Mark-
Their possible role in the acceleration of the auroral electrondund (1993). Valladares et al. (1994) performed a compre-
is discussed. hensive statistical study of the occurrence of high-latitude
arcs and their dependence on the IMF. Recently, Kullen et
al. (2002) extended the Gussenhoven (1982) classification of
polar arcs and presented statistics of the different arc types
based on three months of POLAR UVI observations. Sev-
eral models have been created attempting to explain transpo-
lar arcs (e.g. Chang et al., 1998; Newell et al., 1999; Kullen,
1 Introduction 2000; Slinker et al., 2001; Kullen and Janhunen, 2004; Naehr

o o and Toffoletto, 2004). However, since not all polar arcs are
The global distribution of the aurora has a qualitative as We”transpolar care must be taken not to confuse the different

as a quantitative dependence on the interplanetary magnet'@peS when discussing their occurrence, the corresponding

field (IMF). For southward IMF the intense auroral activ- magnetospheric topology, or the physical mechanisms caus-
ity is usually confined to the region known as the auroraling them.

oval, whereas for northward IMF considerable auroral activ-
ity is often encountered poleward of this region (e.g. Davis,
1963; Berkey et al.,, 1976; Lassen and Danielsen, 1978)
The existence of auroral arcs at very high latitudes was es
tablished early on (e.g. Mawson, 1916; Davis, 1960; Den-
holm, 1961; Denholm and Bond, 1961; Eather and Aka-

Keywords. lonosphere (Plasma convection; Polar iono-
sphere) — Magnetospheric physics (Magnetosphere
ionosphere interactions)

Transpolar arcs form, in the Northern Hemisphere, from
an expanded dawnside (duskside) emission region when
By changes from negative to positive (positive to negative)
(Cumnock et al., 1997, Cumnock et al., 2002). If the IMF re-
mains sufficiently stable after the initi#, polarity change,
the transpolar arc will usually migrate across the polar re-
Correspondence td.. G. Blomberg gion, often in both hemispheres (Cumnock, 2005). The pat-
(lars.blomberg@alfvenlab.kth.se) tern commonly referred to as the theta aurora describes the




1918 L. G. Blomberg et al.: Transpolar aurora

situation when a transpolar arc is aligned nearly along the2 Observations and model results
noon-midnight meridian (Frank et al., 1986). The TPAs cross
the noon-midnight meridian only whe®, changes sign, re-  The Ultraviolet Imager (UVI) experiment (Torr et al., 1995)
sulting in a largeB./| By | ratio. The focus of the present paper on the POLAR spacecraft provides global images of the au-
is on moving transpolar arcs, i.e., large-scale arcs traversingora. The instrument is able to resolve 0.5deg in latitude at
the entire polar region in response t&#achange, forminga  apogee; thus, a single pixel projected to 100 km altitude from
theta aurora when the arc is at highest latitude. apogee is approximately 5®0km. In the Lyman-Birge-
lonospheric convection patterns observed during north-Hopfield mode (LBH) the instrument measures molecular ni-
ward IMF generally contains regions of sunward flow at trogen emissions in the 140-160 nm spectral region.
highest latitudes, in contrast to the antisunward flow prevail- The Defense Meteorological Satellite Program’s (DMSP)
ing for southward IMF. A variety of configurations have been satellites provide measurements of precipitating particles and
used to explain these observations, including spatially domionospheric plasma flows from three Northern Hemisphere
inant one-cell patterns and multiple-cell patterns. The num-passes during each of the two time periods of interest. DMSP
ber of cells seems to have a first-order dependence on thE13 (Rich, 1994) passes in the dusk-to-dawn direction and
ratio of B, to By, resulting in an increasing number of cells DMSP F14 from about 21 MLT to 10 MLT in the Northern
and reverse convection at highest latitudes as the IMF beHemisphere. The electrostatic potential distribution is de-
comes more strongly northward (Potemra et al., 1984; Reiffrived by integrating the electric field¥) along the satellite
and Burch, 1985; Heelis et al., 1986; Cumnock et al., 1995irack, utilizing E=—vx B, wherev is the measured trans-
Cumnock and Blomberg, 2004, and references therein). Obverse ion drift velocity andB) is the model geomagnetic
servations indicate that TPAs may be associated with eithefield. The electrostatic potential can then be used to deter-
sunward or antisunward flow, as well as a variety of con-mine which regions of sunward and antisunward flow may
vection patterns, including a four-cell pattern (Frank et al.,be connected by equipotential flow lines.
1986; Gusev and Troshichev, 1990; Jankowska et al., 1990; In order to analyse the global potential patterns during
Zanetti et al., 1990), a dominant one-cell (Hoffman et al., theta aurora evolution we utilize the KTH numerical model
1985), a three-cell ( Carlson et al., 1988; Zanetti et al., 1990that assumes a field-aligned current distribution and a con-
Jankowska et al., 1990), or a distorted two-cell (Robinsonductivity model and from these calculates the potential dis-
and Mende, 1990; Marklund et al., 1991). These studies ardribution. A detailed description of the model is found in
all based on isolated observations of single TPAs and thu$lomberg and Marklund (1991a). The model input (the field-
represent different stages of theta aurora evolution relating t@ligned current distribution) is qualitatively inferred from
changing IMFB, and B, conditions during northward IMF. ~ satellite UV images that give direct information about up-
Satellites have observed a variety of field-aligned currentward currents associated with electron precipitation. Down-
(FAC) configurations, including pairs of upward and down- ward currents are qualitatively inferred from statistical mod-
ward field-aligned current sheets associated with the TPA®Is. The currents are then quantitatively calibrated directly
(e.g. Frank et al., 1986; Menietti and Burch, 1987; Mark- against satellite magnetometer data, as well as indirectly cal-
lund et al., 1991; Obara et al., 1993; Blomberg and Mark-ibrated by comparing the calculated model potential pattern
lund, 1993; Blomberg and Cumnock, 2005). In addition, asto satellite plasma flow data in an iterative manner. Data from
the IMF becomes more northward both the Region 1 to Re-one or more satellites can be used for the calibration, here
gion 2 and the NBZ to Region 1 current ratios increase (e.gDMSP F13 and F14 data were used.
Blomberg and Marklund, 1993). The polar cap convection dependence on the IMF direction
The main purpose of this paper is to model the global po-may be estimated by mapping the solar wind electric field
tential patterns and to compare them to the convection preto the polar ionosphere (Alexeev, 1986; Toffoletto and Hill,
dicted by mapping the magnetopause electric field to thel989). This approach assumes a very high conductivity along
ionosphere using the Paraboloid Model of the magnetospherthe magnetospheric magnetic field and thus magnetic field
during the evolution of dawnside and duskside originatinglines are equipoential. In this model, global reconfiguration
transpolar arcs. The present study follows up on the results o6f the magnetospheric magnetic field leads to modification
Cumnock and Blomberg (2004). Utilizing satellite data, the of the polar cap convection (Belenkaya, 1998a,b; 2002).
Royal Institute of Technology (KTH) numerical model pro-  The goal here is to reconstruct on a global scale the dis-
vides the high-latitude global potential pattern. In addition, tribution of all auroral electrodynamic parameters during the
the magnetopause electric field predicted from IMF data isevolving northward IMF conditions as a TPA moves across
mapped to the ionosphere using Moscow State University’she entire polar region. Model inputs are the ionospheric
(MSU) Spherical and Paraboloid Models of the magneto-conductivity and FAC distributions. The boundary condition
sphere. used is that the potential is zero at°5@agnetic latitude;
We model the entire evolution of the theta aurorae, andin reasonable agreement with DMSP data. Model output is
compare observations to the output of both models. In boththe ionospheric potential that can be compared with the po-
events the transpolar arc moves across the entire polar regicential calculated from electric field data along the DMSP
and eventually becomes part of the opposite side of the aurosatellite tracks. POLAR UVI provides information on the
ral oval. upward FAC distribution. For more details on UVI, DMSP
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and the KTH numerical model for the events discussed here,
see Cumnock and Blomberg (2004).

2.1 Spherical model of the magnetosphere

In the Moscow State University spherical model of the
Earth’'s magnetosphere (Alexeev and Belenkaya, 1983),
the magnetopause is approximated by a sphere of radius
R1=10Rg with the geomagnetic dipole located in its cen-
tre. At the magnetopause there are screening currents that
create a uniform magnetic field antiparallel to the dipole mo-
ment. The magnetic field that penetrates from the solar
wind into the magnetosphere sk B, where B is the in-
terplanetary magnetic field (IMF) arigk0.1. The spherical
model describes the general features of the interaction be-
tween the interplanetary and magnetospheric fields. In the
dayside magnetosphere and in the polar caps the model ouEig. 1. The meridional cross section of the spherical magnetosphere
put is consistent with observations. for southward IMF. The region marked 1 indicates closed field lines,
The magnetic field associated with the magnetopauséhe regions 2a and b (dotted) indicate open field lines of the northern
screening currents allows us to distinguish between two dif-2nd southern polar caps.
ferent types of reconnection, corresponding to southward
and northward IMF (Alexeev and Belenkaya, 1983). For
southward IMF B, <0), two-dimensional reconnection takes
place at the merging line on the spherical magnetopause.
Figure 1 shows the meridional cross section of the spheri-
cal magnetosphere for southward IMF. The region marked
1 indicates closed field lines, the regions 2a and b (dotted)
indicate open field lines of the northern and southern po-
lar caps. For northward IMFA; >0), three-dimensional re-
connection occurs at the two neutral magnetic field points.
Figure 2 shows the meridional cross section of the spheri-
cal magnetosphere for northward IMF. The region marked
1 indicates closed field lines, the regions 2a and b (dotted)
indicate open field lines of the northern and southern polar
caps, and the shaded region indicates interplanetary mag-
netic field lines inside the magnetosphere. The neutral points
and neutral lines are surrounded by diffusion regions where
the conductivity is high but finite and where MHD breaks
down. Magnetic field lines outside of the diffusion regions

Fig. 2. The meridional cross section of the spherical magnetosphere

dtob inotential. Thi i toqeth for northward IMF. The region marked 1 indicates closed field lines,
areé assumed to be equipotential. IS assumption, togetngy,, regions 2a and b (dotted) indicate open field lines of the northern

with the boundary condition for the electric field component and southern polar caps, the shaded region indicate interplanetary

tangential to the magnetopause€;=kE;yr, gives us the  magnetic field lines inside the magnetosphere.
electric potential distributions in the open field line regions,

whereE is the fraction of the solar wind electric field; ys
that penetrates into the magnetosphere. dipole and the uniform magnetic fields for northward IMF.
The spherical magnetospheric model was used to calculatih the spherical model the uniform field is simply the sum of
distributions of the electrostatic potential in the open field the penetrated portion of the IMF and the magnetic field re-
line region in the northern ionosphere. The electrostatic po-sulting from the magnetopause currents screening the dipole
tential distributions in the northern polar cap, predicted byfield (both of them are also uniform fields). The surfaces Al
the spherical model, are shown for southward IMF in Fig. 3and A2 divide magnetic field lines of different topological
and for northward IMF in Fig. 4 (see also (Belenkaya, 1998a,types (open, closed, and interplanetary) and are called sepa-
b). For both casek=0.1 was assumed. For northward IMF, ratrix surfaces (see, for example, Siscoe et al., 2001). Al is
the ionospheric convection pattern on the open field lines haa boundary between open and interplanetary magnetic field
two cells for B,#0 and one cell foB,=0, B,#0. Reverse lines, whereas A2 divides open and closed magnetic flux-
convection occurs near the cusp projection. tubes. Two magnetic field lines connecting the two neutral
Figure 5 (derived from Fig. 9 of Cowley (1973)) illustrates points (& and Qy) form a separator line ({Cy, part G is
the three-dimensional geometry of the superposition of thenot shown in Fig. 5). The separatrix surfaces intersect at the
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Fig. 5. Three-dimensional geometry of the superposition of the
Fig. 3. Distribution of the electric equipotentials in the open field dipole and uniform (generated by the magnetopause currents and
line region of the northern polar cap, in the spherical model, for penetrated from the solar wind) magnetic fields for northward IMF

southward IMF,B, dependent oh, andby, (b=kB, k=0.1). (derives from Fig. 9 of Cowley (1973)).
By<0. 12 B,>0 12 By =0, null Oy. The separatrix surface formed by the magnetic field
B,=0 By<0 lines originating from the boundary of the southern polar cap

also converges to the northern magnetic null. From this null
point and perpendicular to both separatrix surfaces, two sin-

6 gular magnetic field lines Band B diverge (these singular
lines were called “stemlines” by Siscoe et al. (2001)). Along
B,, the neutral point @ maps to the ionospheric projection
of the cusp (@").

Alexeev and Belenkaya (1985) obtained an analytical ex-
pression approximating the NBZ currents on open field lines
during northward IMF. NBZ currents flow out of (into) the
ionosphere in the dawn (dusk) sectors. These field-aligned
currents are each related to a convective vortice: the upward
current with a clockwise one and the downward current with
an anticlockwise cell. Figure 6 illustrates all field-aligned
currents and ionospheric convection flows B0 (Clauer

0 etal., 2001).
By<0. B <0 Let us assume for a moment that there are no parallel elec-
tric fields, and thus that each magnetic field line is an equipo-
Fig. 4. Distribution of the electric equipotentials in the open field tential curve. Then, equipotential curves on the intersection
line region of the northern polar cap in the spherical model for of the southern magnetopause with the open field line bun-
northward IMF dependent dr, andby. dle of the northern polar cap project to convection cells in
the ionosphere. This is because the whole boundary of the
open field line bundle converges to the neutral poigt©ee
separator line. For southward IMF (not shown), the sepa-ig. 5). Each equipotential crosses the open field line bundle
rator line is a quasi-neutral line, since at each point in theboundary at two points. If projected to the ionosphere, these
plane perpendicular to it, magnetic field lines have an X-typepoints all end up at §’, with the single exception being the
configuration, leading to two-dimensional reconnection. Forprojection of the equipotential contour which intersects at
northward IMF, there is no quasi-neutral line in the magne-some point, Ly, the singular southern magnetic field ling.B
tosphere. This contour has a potentidl; y. By analogy, the singular
For northward IMF, the boundary of the northern open equipotential contour on the magnetopause of the open field
field line bundle, A, converges to the northern magnetic lines connecting to the southern polar cap, which intersects

18
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the northern stemline Bat Ly has the potentiab; s (L y and 12
Ls are located at the intersections of the stemlingsv@h o
the magnetopause). The point Lmaps along the southern - X
B1 to Og and then along the southerrp, Bo Og’ and also F A S N
along A to the open field line boundary of the northern po- v N
lar cap. Thus, the boundary of the open field lines in the / g 7NN
Northern Hemisphere has a potentigl y. The projection of S N b\
the southern cusp Qalong the southern stemling Bn the ‘ SN 1 N .
southern ionosphere (Q also has the potentiab; y. Sim- 18 | / ’ ‘
ilarly, Oy and Qy’ have a potentiakb; s which is also the
potential of the open field line boundary in the southern polar
cap. So, on the northern (southern) equipotential ionospheric
boundary between open and closed field lines, a singularity
exists, Q;’ (Og"), where the potential macroscopically (on
the MHD scale) is discontinuous. This exception determines \\
the source function in the Poisson equation for the entire po- ‘
lar cap. N
We now have magnetic field lines forming the boundary of 0
the open field line bundles, all converging to the null points
Oy or Os. For these lines the equipotentiality assumption Fig. 6. Field-aligned currents and convection in the polar cap for
for the magnetic field lines is invalid. Thus, an electric field northward IMF. From high to lower latitudes: NBZ currents, Region
component parallel to the magnetic field must exist (Greenel_ and |l currents, currents near the cusp region on the closed field
1988) on the field lines of the cylindrical separatrix surfaces.llneS (Claver etal., 2001).
All magnetic field lines of these separatrix surfaces tend to
reach closer to the separator line () before veering off
to the null points on the magnetopause (Siscoe et al., 2001)
The singular equipotential traversing the poing maps
to the open field line region of the northern polar cap, which
it divides into two vortices. Its projection has a potential
®; N, except in the vicinity of Q’, where the potential is
®;5. This means that foB,50 (for which ®;y#® ) Sing,=By/Bi, COSpu=B. /B WhereBlz(Bf+By2)1/2, ()
field-aligned potential drops and consequently, strong field-
aligned currents should exist along those field lines whichFor B,=0 andB,#0, sinp, =41 and the potential drop be-
are topologically connected to the null points (Belenkaya,tween the magnetic null points maximises and becomes equal
2002). The locations of the ionospheric projections of theto 8®,.. This result agrees with that obtained by Siscoe et
singular equipotentials O y’, L s’Oy’) dividing the polar ~ al. (2001): for azimuthal IMF the potential drop across the
caps into two vortices depend on tiBg component of the open field line bundle is equal to the potential drop applied
IMF (see Fig. 4). FoB, <0 (By>0) Ly’Oy’isin the dawn  to the separator line connecting the two neutral points.
(dusk) sector of the northern polar cap. Extending the singular equipotential onto the closed iono-
The potential dropp®=®; y—®; s that exists between spheric field lines divides the two low-latitude vortices of the
the two magnetic nulls foB,0 also exists on the separa- four-cell convection system existing for northward IMF. In
tor line (C.Cy) connecting the two magnetic neutral points. Fig. 7 the corresponding convection patterns in the northern
Siscoe et al. (2001) emphasized the significant role fyat and southern ionosphere are shown. We see thak fet0,
plays for the global magnetic reconnection. Greene (1988¢losed field lines going near the separator lingC&(thick
also mentioned thak arises due to the electric field singu- curve) in the Northern Hemisphere are close to the singular
larity at the neutral points of the magnetic field. The potential €quipotential on closed plasma sheet field lines. We assume

For the spherical mod@ o s—® oy =8P ,Sing,,,, whereg,,

is the angle between the x-axis and the projection of the IMF-
vector on thex-y plane, and® . is the potential drop across
the polar cap in the spherical model for southward I}

is defined by:

of Lgis that a field-aligned potential drop can exist only in the vicin-
ity of C1C,. Low-latitude closed field lines located equator-
Drs = Pon. (1) ward of the poleward edge of the auroral oval are not affected

very much by the IMF. Thus, those lines do not approach
C1C2 and, consequently, they are equipotential. We therefore
Oy — D ) expect the field-aligned potential drop to be on the singular
LN = 0S: equipotential on the plasma sheet closed field lines from the

We introduces® as the potential drop between the null CUSP projection up to the poleward edge of the auroral oval.
points We suggest, following Belenkaya (2002), that the auro-
ral emissions in transpolar auroral arcs are caused, largely,

3O =Py — Prg=Dps — Don. 3) by the potential difference that exists between the northern

By analogy, the potential
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density,p» is the magnetosheath plasma density downstream
of the bow shock angt=p2/p1 determines the plasma com-
pression at the bow shock. The magnetic Reynolds number
AN R.=unooVoR1 is determined by the magnetopause subsolar
\ \\ distance R1, by the solar wind velocityy, and by the effec-

A tive conductivityo, of the solar wind plasma.

\‘, ’\ In contrast to the spherical model, the reconnection effi-
) ciency coefficients are different for the parallel and orthog-
‘ onal components of the IMF. Both of them can be calcu-
/ lated self-consistently from the magnetosheath plasma flow
- solution (see Alexeev et al. (2003) for a more thorough ex-
planation). We use both of the magnetospheric models be-
cause one of them (the spherical) enables a clear conceptual
explanation of the TPA mechanism, and the other one (the
paraboloid) gives quantitative results for ionospheric plasma
convection patterns and auroral oval location that can be
compared with the KTH numerical model and satellite ob-
servations.

In the course of both events that are described below (8
November 1998 and 11 February 1999), the IMF strength
and solar wind dynamic pressure were both above their re-
spective average values. The Paraboloid Model takes into ac-
count not only the IMF influence on the structure of the mag-
netosphere, but also the dynamics of the subsolar distance

SPC

Bx<0 and of the polar cap and auroral oval boundaries (see Alex-
By<0 eev et al., 2003). The Paraboloid model is here parametrised
Bz>0 by solar wind data from the ACE spacecraft and by the geo-

magnetic indice®,; andA L (obtained from the World Data
Fig. 7. lonospheric convection patterns in the northern and South-Center in Kyoto).
ﬁm Htehm;spheresi Th'ik (t:;:rves marr thl‘? locat';n ctJIlma%nlel\zEﬂeld The model calculations give us the polar cap potential dis-
ines that come close to the separator lingCg. Northwar tribution, the potential drop along the separator line, and the
with By <0, By <O0. . .

acceleration voltage of the auroral particles that create the

TPA. For the paraboloid model the potential drop between

. . the neutral points equals
and southern magnetic null points for IMF,#0. On the

local scale, the potential difference along a particular mag-s¢, — Dos — Doy =2 Rikp Ejpr Singm, (5)
netic field line traversing the transpolar arc, determines the

acceleration potential. The emission region should furtheryhereRr; is the distance to the subsolar magnetopause point
be associated with the singular equipotential on the closedr,=10RE), E; u r is the interplanetary electric field, akg
plasma sheet field lines from the cusp projection to the poledescribes the ratio of the ionospheric polar cap potential drop
ward boundary of the auroral oval (in the northern polar capto the potential drop across the open field line bundle in the

for B, <0 and in the southern polar cap f8¢>0). solar wind. For our two events»=0.05 was assumed.
_ The model results explain the correlation between TPA
2.2 Paraboloid model of the magnetosphere occurrence and th@, component of the IMF because the

potential drop on the separator lingp, is proportional to
The magnetospheric plasma convection and the associategl, (see Eq. (4)). They are also in agreement with the ob-
magnetospheric electric field are determined from the boundserved TPA motion from dawn to dusk or the opposite, with
ary conditions at the magnetopause (Alexeev, 1986; Kalethe change in sign of IMB,. The distribution of the field-
gaev, 2000). The IMF penetrating the magnetosphere isligned potential differencé®; (s) along the ionospheric
connected to the undisturbed IMF upstream of the bowTPA curve is suggested to be proportionabtbs/S, where
shock,Bo, by the relationsb | =k,,1 Bo1 andby=k, Boj, s is the ionospheric distance from the cusp projection $ind
whereb; and b, are the components parallel and orthog- is the length of the TPA curve from the cusp projection to
onal to the Sun-Earth line, respectively. For large mag-the poleward boundary of the auroral oval characterized by
netic Reynolds numberR{,>>1) the magnetopause recon- colatitudes,,, S~Rg sin(X,,).
nection efficiency coefficients a¥g,, 1 =0.9 )(1/2R,;1/4 and Itis not yet clear what magnetospheric feature corresponds
kpmpi=2 x (7 R.) Y2, they depend orR,, and x=p2/p1 to the poleward boundary of the auroral oval, and what drives
(Alexeev et al., 2003). Herp; is the solar wind plasma the TPA at zerdB, also remains an open question.
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Fig. 8. Shown are magnetic field data from the ACE satellite which T
orbits the L1 Lagrangian point about 2@} sunward of the Earth. y O
IMF GSM components are plotted for 8 November 1998, as a func- /
tion of corrected universal time (UT plus the estimated propagation [:sdi /-
time from the satellite to GSM =0); about 45 min. The thick verti- 4

cal line marks the time when Polar UVI shows a TPA aligned along \ '\\<\

N

Fig. 9. Left: Data shown from three DMSP passes on 8 November
1998 (12:17-12:41, 13:59-14:19, and 15:41-16:01 UT) that occur
2.3 Event of 8 November 1998 during the Polar UVI data period. DMSP F13 and F14 horizontal

plasma flows, perpendicular to the satellite track, are plotted over a

In Fig. 8 we show magnetic field data from the ACE (Ad- UV image taken at the time when F13 is at highest magnetic lati-

vanced Composition Explorer) spacecraft that orbits thetudes. Right: For the same 3 times are shown the modelled polar cap
boundary, auroral oval, and polar cap convection generated by the

Iél Lﬁgrlwglznsi)ﬂomt approximately 2|0Q5 (Sjufnwgrclj\lof theb solar wind electric field, as predicted by the Paraboloid Model. The
arth. . components are.p otte _or OVEMDET 5 del parameters for each case were calculated from solar wind
1998, as a function of corrected universal time (UT plus theyata and geomagnetic indices. For UT=14:09:48 the TPA observed

?Stir_ﬂated propagation t_ime. from the Sate_”ite to me); _in the dusk sector may be explained by the time detagQmin)
in this event the correction is about 45 min. The thick verti- between the IMF turning and the ionospheric convection response

cal line marks the time when POLAR UVI observes a TPA (Clauer et al., 2001). At 13:49:48 UT IMB, was slightly positive,
aligned along the noon-midnight meridian in the Northern which corresponds to the observed TPA location. Red curves show
Hemisphere. The three thin vertical lines mark the timethe electrostatic potential patterns (10kV contour separation). See
when DMSP F13 reaches highest latitudes over the Northiext for details.

ern Hemisphere. The thick horizontal line at the top denotes

the time period when UVI data is available.

IMF B, is positive for at least 3 h prior to and followinga  POLAR UVI provides images in the Northern Hemi-
change inB,. IMF B, is negative through the time period of sphere. In this event the transpolar arc originates on the dusk-
interest.B, is small for 1 to 1.5 h while changing sign. ACE side of the auroral oval and migrates across the entire polar
plasma measurements (not shown) indicate that during theegion. Around 12:28 UT the duskside of the auroral oval has
time of the IMF B, change, solar wind ion density is about expanded poleward, as expected for posifiveand positive
20 cnt 3 and solar wind velocity is approximately 550 km/s. By, and has a bright poleward edge. IMF changes sign

To map the solar wind electric field to the polar ionospherefrom positive to negative at approximately 14:00 UT then
using the Paraboloid Model, th®y; andA L geomagneticin-  decreases approximately 14 nT at 14:45 UT. IBFis neg-
dices are needed. The event studied (see Fig. 9) correspondsive andB, remains positive (ranging from 13-26nT for
to quiet or slightly disturbed timeDy; is about—50nT and  the next 9 h). During the next hour (14:00 to 15:00 UT) the
AL is —400,—69, and—93 nT, respectively, for the three in- TPA moves dawnward. At 15:01 UT, approximately 1 h af-
stants modelled. The model polar cap magnetic flux changeder B, becomes negative/near zero and approximately 15 min
from 740 to 430 MWhb during the evolution of the TPA. after B, becomes more strongly negative, the transpolar arc

the noon-midnight meridian in the Northern Hemisphere. The three \;j\
thin vertical lines mark the time when DMSP F13 reaches highest
latitudes over the Northern Hemisphere. The thick horizontal line

at the top denotes the time period when UVI data are available.

i
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has moved to highest latitudes and is aligned along the noonmains collocated with the duskside of the high-latitude sun-
midnight meridian, forming what is commonly referred to as ward flow region, and both are now at higher latitudes than
theta aurora. The dawnside of the auroral oval has expandeid the previous pass.
poleward, as expected for negatiBg. The arc continues its To the right, we show the corresponding equipotentials on
dusk to dawn motion and by 16:15 UT it has moved acrossopen field lines projected to the ionospheric level. The po-
the polar region and appears to be part of the dawnside aurdar cap potential drop i8®,,=58 kV. The figure illustrates
ral oval. the location of the convection patterns relative to the noon-
Figure 9 shows, in the left column, POLAR UV images in midnight meridian and explains the TPA location along it.
the Northern Hemisphere with DMSP F13 and 14 horizontalHowever, the calculated polar cap size is smaller than the
plasma flows are plotted over each UV image for the threegne estimated from POLAR data.
Northern Hemisphere passes available during the TPA evo- At the time of the observations shown at the bottom of
lution. The data shown at the top occur during posi#e  Fig. 9, IMF B, is still positive and IMFB, has been nega-
and northward IMF. DMSP F13 shows a spatially expandedijye (or weakly negative) for about 2h. Both DMSP satel-
duskside region of sunward flow that is bifurcated by a smalljites have reached higher magnetic latitudes than in the pre-
antisunward flow region. This pattern has three sunward andjious orbit, with the F13 satellite track now aligned along the
two antisunward flow regions, producing four convection re- gawn-dusk meridian. The flow pattern has two main CRBs,
versal boundaries (CRBs), where, for southward IMF, tWOthe one located at highest latitudes is associated with a spa-
CRBs are expected. The high-latitude convection pattern igjg|ly expanded dawnside sunward flow region. The iono-
dominated by sunward flow, some of which can be closed inspheric convection pattern is still dominated by a counter-
the dawnside antisunward flow region, producing clockwisec|ockwise circulating cell (positive potential) that is located
(negative potential) circulation in a cell located at highestat highest latitudes. The transpolar arc is located on the
latitudes on the dawnside of the polar region. The sunwarcyawnside of the noon-midnight meridian but is still collo-
flow associated with the TPA may be closed in the antisun-cated with the duskward edge of the high-latitude sunward
ward flow region equatorward, resulting in a local maximum fiow region.
in the negative potential region. In addition to an expanded The bottom right dial shows the polar cap convection

duskside sunward flow region during positiBeandB,, We 54 15:51:04 UT on 8 November 1998, obtained from the
expect an (_expand_ed QUSKS'de auroral oval. Paraboloid Model. In this case the azimuthal component of
The equipotentials in the polar cap mapped from the Madine |ME, B, was negative and of the order Bf. The polar

netopause using the MSU pa}raboloid model are shown O'Eap potential drop of® ,.=95 KV is larger than that (73 kV)
the right. The MSU paraboloid model calculates the equa-gp-inaq by the KTH model

torward boundary of the auroral oval (thick grey curve), de- Figure 10 shows on the left model field-aligned current

fined as the_prOjectlon of the earthward edge of the mag.nerf)atterns for each of the DMSP passes on 8 November 1998,
tospheric tail current sheet. Also shown are the convectio

contours obtained by mapping the electric potentials fromand on the right the electrostatic potential patterns generated

, . : . by the KTH model. Upward and downward FACs are shown
the magnetopause along open field lines into the ionosphere . . )

. . . In red and blue, respectively, positive potentials are shown
(negative potential, red curves). There is good agreement be-

in blue and negative in red. The black line denotes zero po-
tween the equatorward boundary of the auroral oval and th‘ct"ential. In the ?op left of Fig. 10, the TPA FACs reflect th[t)a

UV image. The negative potential dominates the polar " motion of the TPA, first on the duskside of the auroral re-

gion, with a potential difference of 103 kV at high latitudes in gion, then at higher latitudes near the noon-midnight merid-

the KTH numerical model and 98 kv n the MSU paraboloid ian, then finally the TPA has moved to the dawnside of the
model. The model polar cap magnetic flux was calculated

L . . : noon-midnight meridian. POLAR UVI (not shown) tracks
using its equality to the tail lobe magnetic flux. The assump- : . .
. N ; ; ... the continued dawnward motion of the TPA. Table 1 lists the
tion E)=0 allows us to calculate the ionospheric electric field

from the known distribution of the electric potential at the model input values for the FACs.

magnetopause, in turn calculated by the method described '€ maximum and minimum values of the electrostatic
by Alexeev et al. (2003). potentials are shown in Table 2. The last two columns show

By the time of the second DMSP pass (middle plot of the value.s of the polar cap'potential drops in the KTH and
Fig. 9), IMF B, has changed sign from positive to weakly Paraboloid MOd?IS’ respec.tlvely. )
negative. Both DMSP F13 and F14 reach higher magnetic The Paraboloid Model gives the potential drop across the
latitudes than in the previous pass. On the dayside large antRolar capi®, as
sunward and sunward flows are seen in what is traditionally
the polar cap. Previously, the sunward flow was dominateds ®,=bvAy. (6)
by clockwise circulation (negative potential) in a dawn cell,
whereas now it is dominated by counterclockwise circulationHere b=k, B is the IMF penetrating the magnetosphere,
(positive potential) in a high-latitude dusk cell. The trans- v=k,V is the plasma velocity at the open field line bundle
polar arc has moved to higher latitudes, and is still locatedboundary near the magnetopause, ands the width of the
on the duskside of the noon-midnight meridian. The arc re-open magnetic field line bundle at the magnetopause.
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Table 1. Modelled field-aligned current values (MA) for 8 November 1998.

Event Dusk Polar Region Dawn

R2| R1% NBz| TPA| TPA4+ NBZ% R1| R2%
8 November 1998-1 0.50 0.72 0.06 0.005 0.85 1.05 0.20
8 November 1998-2 0.15 0.55 0.55 0.10 0.05 0.30 0.60 0.60
8 November 1998-3 0.23  0.80 0.55 0.30 0.27 0.40 0.50

Table 2. Local potential extrema (kV) for 8 November 1998.

Event Dusk Noon-midnight Dawn §®xry 8P pe—parab
Meridian

8 November 1998-1 —45 -90 +13 103 98

8 November 1998-2 —13 +45 -8 +8 58 58

8 November 1998-3 —25  +48 +9 73 95

To calculates® ., the transpolar potential drop, we take  ACE plasma measurements (not shown) indicate that dur-
into account the saturation effect (Siscoe et al., 2002): ing the time of the IMFB,, change, solar wind ion density is
about 30 cm® and solar wind velocity is about 430 km/s.

The event studied (see Fig. 12) corresponds to quiet time.
The coefficienk,=0.2 for the magnetic field was determined Dy, is 11 nT andAL is 9.2, 34.6, and 21.8 nT, respectively,
based on the results of Alexeev et al. (2003). The coefficienfor the three instants modelled. The model polar cap mag-
k, was determined as 0.4. The saturation potential valuenetic flux is about 420 MWhb. Similar to Fig. 9, both auroral
§d,=158kV was determined based on Siscoe et al. (2002)oval boundaries and predicted TPA positions are shown.
Equations (6) and (7) give, for the case of 8 November 1998, |, yhis event UVI observed a transpolar arc originating on

14:09:48 UT (whenB,=0), a polar cap potential drop of he gawnside of the auroral oval and subsequently migrat-
58kV, which is in good accordance with the KTH model re- j4 40055 the entire polar region. Between approximately
sult~58kV (see Table 2), as well as with the DMSP F13i0n 19.15 and 20:00 UT (not shown) the dawnside of the auroral
drift observations. These values of the coefficients in Egs. (6),, 4] expands poleward, as expected for negaivand pos-
and (7) correspond to an 8% ratio of the ionospheric transpos;iye B,. Between approximately 20:00 and 21:30 T, is

lar potential drop to the potential drop across the open ﬁe'%eakly positive while changing sign from negative to posi-
line bundle in the solar wind. From an analysis of the polar ;o During this time the TPA appears to begin separating

cap potential drop dependent on the IMF, Reiff et al. (1981)go the dawnside auroral oval and is clearly separated by
estimated this ratio as 10-20%. Kelley et al. (2003) deter-55.40 UT. As expected for positive

> - = ,, the duskward migra-
mined the ratio of the dawn-dusk electric field measured by;io, of the TPA is accompanied by a poleward expansion of
ground-based radars at the equatorial ionosphere to the intefpe qyskside oval (21:40 UT). In this case an arc forms at
planetary electric field registered by ACE to be 7%. the poleward edge of the duskside auroral oval and appears
to separate by 22:00 UT. At 22:20 UT the dawnside originat-
ing TPA is aligned along the noon-midnight meridian, about
In Fig. 11 we show magnetic field data from ACE at L1. 140min after5, becomes positive/near zero and about an
IMF GSM components are plotted for 11 February 1999, aghour afterB, becomes more strongly positive. At 22:40 UT
a function of corrected universal time; here the correctiont® TPA is located just on the duskside of the noon-midnight
is about 1h. The thick vertical line marks the time when Meridian and is clearly attached to the days@e gurpral oval.
Polar UVI shows a TPA aligned along the noon-midnight BY 00:45 UT on 12 February 1999 the dawn originating TPA
meridian in the Northern Hemisphere. The three thin ver-Nas merged with the duskside oval.
tical lines mark the time when DMSP F13 reaches highest The top plot of Fig. 12 shows data from the first DMSP
latitudes over the Northern Hemisphere. The thick horizon-pass when IMFB; is northward, IMFB, is changing from
tal line at the top denotes the time period when UVI data arenegative to weakly positive and IMB, is changing from
available. positive to negative. DMSP F13 shows a spatially expanded

8P =8B, 8D/ (5D, + 5Dy).

2.4 Eventof 11 February 1999
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Fig. 11. Shown are magnetic field data from the ACE satellite which
orbits the L1 Lagrange point about 28¢ sunward of the Earth.
IMF GSM components are plotted for 11 February 1999, as a func-
tion of corrected universal time (UT plus the estimated propagation
time from the satellite to GSM=0); about 1 h. The thickest ver-
tical line marks the time when the TPA is aligned along the noon-
midnight meridian. The thick horizontal line at the top denotes the
time period when UVI data are available.

Fig. 10. Shown on the left, modelled field-aligned current patterns
(0.1.A/m? contour separation) for each of the DMSP passes on 8
November 1998; and on the right, the electrostatic potential patterns By the last DMSP pass for this event (bottom plot of

(3kV contour separation) generated by the KTH model. Upward Fig. 12), IMF B, is still positive andB, has been positive

and downward FACs are shown in red and blue, respectively; posi- . N .

tive potentials are shown in blue and negative in red. The black Iinefor about 3 h_' The dawnside originating TPA has migrated

denotes zero potential. See text for more details. to the duskside and faded. DMSP F13 is located at lower
magnetic latitudes than in the previous pass, passing again

through the poleward edge of the dayside auroral oval. Spa-

dawnside region of sunward flow that is bifurcated by small tidlly expanded duskside sunward flow can be closed in a

antisunward flow regions. The sunward flow associated withStrong antisunward flow region, resulting in a large clock-
the TPA may be closed in the antisunward flow region equa ViS€ circulating (negative potential) cell dominating the day-

torward, resulting in a local minimum in the positive poten- Side region. The right-hand column in Fig. 12 shows the

tial region. This pattern is similar to the first pass of the first COnvection patterns on open field lines projected using the
event (8 November 1998), except that the expansion is fronf’araboloid Model.

the dawnside, as expected for negaie The high-latitude

convection pattern is dominated by sunward flow, some of Figure 13 shows, on the left, model field-aligned current

which can be closed in the duskside antisunward flow regiordistributions for each of the DMSP passes on 11 February
producing anticlockwise (positive potential) circulation in a 1999, and on the right, the electrostatic potential patterns
cell located at highest latitudes on the duskside of the polagenerated by the KTH model. Upward and downward FACs
region. are shown in red and blue, respectively, and positive poten-

By the time of the second DMSP pass, shown in the middletials are shown in blue and negative in red. The black line
plot of Fig. 12, IMF B, has become more strongly positive. denotes zero potential. The TPA FACs reflect the dawn to
DMSP F13 passes at lower latitudes on the dayside than iﬁUSk motion of the TPA. Table 3 lists the model input values
the previous orbit. Convection is now dominated by clock- for the FACs.
wise circulation (negative potential), as expected for positive
By. The TPA appears to have separated from the dawnside The maximum and minimum values of the electrostatic
auroral oval and a second arc has formed at the polewargotentials are shown in Table 4. The last column shows
edge of the duskside auroral oval co-located with the sunthe values of the polar cap potential drops in the Paraboloid
ward plasma flow. Model, 8P e paran, (S€€ Sect. 2.5).
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Table 3. Modelled field-aligned current values (MA) for 11 February 1999.

Event Dusk Polar Region Dawn
R2| R1% NBZz|, TPA| TPA4 NBZ#t R1} R2 4

11 February 1999-1 0.20 0.69 0.52 0.01 0.02 0.50 0.50

11 February 1999-2 0.25 0.64 0.63 0.10 0.23 0.60 0.55 0.10

11 February 1999-3 0.55 0.65 0.12 0.02 0.70 0.95 0.35

Table 4. Local potential extrema (kV).

Event Dusk  Noon-midnight Dawn §®xry 8P pe—parab
Meridian
11 February 1999-1 —20 +41 +20 61 74
11 February 1999-2 —17 +29 -53 +5 82 67
11 February 1999-3 —20 —63 +9 72 75
3 Discussion and conclusions be common to the different types of arcs, it is certainly not

a valid assumption that all features are common. For exam-

This paper addresses the class of high-latitude aurora that irple, Maynard et al. (2003), relate midnight originating Sun-
volves moving transpolar arcs forming theta aurora as theyaligned arcs to high-pressure channels in the distant plasma
traverse the highest latitudes. Theta aurorae were first obsheet. Whereas their results are certainly interesting in re-
served on a global scale by Frank et al. (1982) from Dy-lation to midnight originating arcs, their applicability to the
namics Explorer 1 images. Before that a multitude of lo- class of arcs that we are addressing is not at all clear.
calised observations of high-latitude aurora had been made In the spherical model it was shown that whenchanges
(e.g. Mawson, 1916; Davis, 1960; Denholm, 1961; Denholmsign, the line dividing the two polar convection cells and
and Bond, 1961; Davis, 1963; Eather and Akasofu, 1969;the corresponding auroral emissions, aligned along the noon-
Berkey et al., 1976; Lassen and Danielsen, 1978), but bemidnight meridian, should drift in either the dawn or dusk di-
cause of the limited field of view of imagers located on the rection. WhenB, changes from negative to positive (positive
ground or onboard low-altitude spacecraft, the global natureo negative) it moves from dawn to dusk (from dusk to dawn),
of some of these arcs was not recognised. in good agreement with our observations and also with ear-

Valladares et al. (1994) performed a comprehensive statislier reports (e.g. Cumnock et al., 1997, 2002; Cumnock and
tical study of the occurrence of high-latitude arcs and theirBlomberg, 2004).
dependence on the IMF, based on all-sky images. They also In the Paraboloid model, in contrast to the Spherical
investigated the motion of the arcs and found the same kindnodel, the reconnection efficiency coefficients are differ-
of IMF dependence of the direction of motion that has laterent for the parallel and orthogonal components of the IMF,
been established for transpolar arcs (e.g. Cumnock et aland both of them can be calculated self-consistently from
1997), although many of the arcs in their study belonged tothe magnetosheath plasma flow solution (see Alexeev et
different classes of high-latitude aurora. al. (2003) for a thorough explanation). We use both of the

Several models have been developed that attempt to exnagnetospheric models because one of them (the spherical)
plain transpolar arcs (e.g. Chang et al., 1998; Newell et al.enables a simple and clear explanation of the TPA mecha-
1999; Kullen, 2000; Slinker et al., 2001; Kullen and Jan- hism, whereas the other one (the paraboloid) gives quantita-
hunen, 2004; Naehr and Toffoletto, 2004; and referencedive results for ionospheric plasma convection patterns and
therein), although none of them producs arcs that reactduroral oval location that can be compared with the KTH
the dayside oval. Others (e.g. Maynard et al., 2003) ad-model and satellite observations.
dress additional types of auroral arcs at high latitudes dur- The TPA (associated with closed field lines) originates as
ing northward IMF. When trying to relate the occurrence of part of the dawn or dusk side auroral oval. As it moves to
high-latitude auroral arcs, the corresponding magnetospheribigher latitudes it is surrounded by regions void of ions and
topology, and the physical mechanisms causing them, tdilled with polar rain electrons (associated with open field
models and simulations, we must carefully consider the dodines). The TPA then continues to move across the polar re-
main of validity of each model. Whereas some features maygion and becomes part of the opposite oval from where it
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Fig. 12. Left: Data shown from three DMSP passes on 11 February
1999 (19:46-20:06, 21:29-21:49, and 23:10-23:30 UT) that occur
during the Polar UVI data period. DMSP F13 horizontal plasma
flows, perpendicular to the satellite track are plotted over a UV im- Fig. 13. Shown on the left, modelled field-aligned current patterns
age taken at the time when F13 is at highest magnetic latitudes(0.1,,A/m? contour separation) for each of the DMSP passes on 11
Right: For the same 3 times are shown the model calculations ofebruary 1999; and on the right, the electrostatic potential patterns
the polar cap boundary, auroral oval, and polar cap convection geng3 kv contour separation) generated by the KTH model. Upward
erated by solar wind electric field, all derived from the Paraboloid and downward FACs are shown in red and blue, respectively; posi-
Model. The model parameters for each case were calculated fromfve potentials are shown in blue and negative in red. The black line
solar wind data and geomagnetic indices. See text for details. denotes zero potential. See text for more details.

originated. This separation implies a highly distorted and \ye suggest that the auroral emissions in transpolar auroral
dynamic magnetotail configuration. arcs are caused, on a global scale, by the potential difference
Model calculations give us the polar cap electric field po- that exists between the northern and southern magnetic null
tential drop as well as the parallel potential difference appliedyoints for IMF B,#0. On the local scale, for the potential
to the separatrices and the acceleration of the auroral partijifference along a particular magnetic field line traversing
cles which creates the TPA. The model results explain th&ne transpolar arc the acceleration potential is determined by
correlation between TPA occurrence and fiecomponent  the electric potential at the ionospheric footpoint of each field
of the IMF because the potential drop on the separatd,  |ine and the fact that all boundary field lines share a common
is proportional toB,. They support the observed TPA mo- potential at their magnetospheric end. Thus, we should ex-
tion from dawn to dusk or opposite with the change in sign pect auroral emissions at the boundary between the two cells
of IMF B,. In accordance with observations, the TPA re- i the open field line regions in the polar caps for northward

gion is collocated with sunward ionospheric convective flow. . The emission region should be associated with reverse
Additional study is needed to explain why the model gives aconyvection.

smaller polar cap size than the size of the visible dark area in

the polar region. It is not yet clear what the magnetosphericacknowledgementsThe authors thank G. Parks for providing PO-
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