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[11 In this paper we use simultaneous global UV images of the aurora in the two
hemispheres to study differences in the polar cap boundary location. We show that the
northern and southern auroral ovals circumvent the same amount of magnetic flux,
providing additional evidence that the poleward boundary of the aurora coincides with the

open/closed field line boundary. During a period of si

gnificant flux closure, large

asymmetries in the polar cap boundaries developed between the hemispheres. The

asymmetry was strongest in the regions where the pol
suggesting that emerging interhemispheric polar cap a

ar caps contracted the most,
symmetries is an intrinsic

phenomenon during substorm expansions, when magnetic flux closes rapidly in the tail.
Utilizing the prolonged surveillance of the open/closed boundary location, we show that
the growing asymmetries can be accounted for by differences in the ionospheric
convection in the two hemispheres. The observations suggest that the differences in
convection were due to seasonal differences between the hemispheres, and that the
summer hemisphere responded more promptly to changes in magnetospheric convection

than the winter hemisphere.

Citation: Laundal, K. M., N. Ostgaard, K. Snekvik, and H. U. Frey (2010), Interhemispheric observations of emerging polar cap
asymmetries, J. Geophys. Res., 115, A07230, doi:10.1029/2009JA015160.

1. Introduction

[2] The Earth’s magnetosphere is the cavity in space
which is dominated by the magnetic field generated in the
planet’s interior. Its shape differs from a dipole-like field
most notably by a long tail which extends to >100R; (Earth
radii) on the nightside of the Earth. This tail is the product of
interaction with the interplanetary magnetic field (IMF),
which is transported from the sun by the solar wind plasma.
When the IMF and the Earth’s field have opposite orienta-
tions, the field lines can merge on the dayside in a process
called reconnection, and form open field lines. Open field
lines are then transported, by the influence of the solar wind
momentum, anti-sunward, and add to the tail on the night-
side. When open field lines with foot-points in opposite
hemispheres meet in the tail, they can reconnect, forming a
closed field line. Owing to the stretched character of the
newly closed field lines, the plasma now convects back to
the dayside where it can once again merge with the IMF.
This so-called Dungey cycle [Dungey, 1961] thus describes
the circulation of plasma within the magnetosphere.

[3] The regions at the surface of the Earth which are
threaded by open field lines are called the polar cap. The
polar caps are very often seen to be encircled by a belt of
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precipitating particles (~keV), which ionize and excite
atmospheric constituents to form the aurora borealis and
aurora australis. Global auroral images can therefore be used
to observe the shape and size of the polar caps, since it can
be identified as the dim region surrounded by the bright
aurora (the main exception to this is the polar cusp aurora
which is located on open field lines, and the theta aurora).
This technique has been substantiated [Carbary et al., 2003;
Boakes et al., 2008] and utilized extensively in recent years
[Brittnacher et al., 1999; Mende et al., 2003a, 2003b; Milan
et al., 2003, 2007, 2008, 2009; Lam et al., 2006; Hubert
et al., 2006, 2008; Boakes et al., 2009].

[4] Among the main findings established by these studies
are that the polar cap expansion (dayside reconnection) and
contraction (nightside reconnection) are quasi-uncoupled.
The expansion of the polar cap happens mainly when the
IMF has a southward component (B, < 0 nT), whereas the
contraction of the oval can happen almost explosively dur-
ing the expansion phase of a substorm [e.g., Milan et al.,
2007]. A substorm expansion can be recognized in global
auroral images by a sudden local brightening in auroral
luminosity, followed by a rapid azimuthal and latitudinal
expansion, lasting typically for a few tens of minutes. The
quasi-uncoupled dayside and nightside reconnection is
called the expanding/contracting polar cap paradigm, and
was first suggested by Siscoe and Huang [1985], and
expanded upon by, e.g., Lockwood et al. [1990] and Cowley
and Lockwood [1992].

[s] The observational studies of the polar cap boundary
cited above all focus on one hemisphere. The implicit
assumption is that, when an appropriate magnetic coordinate
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system is used (the two systems which are most-often used
are AACGM and, as in the present study, Apex [Richmond,
1995], which are similarly defined), the polar caps in the
two hemispheres are approximately similar. This assump-
tion is largely necessitated by the lack of simultaneous
measurements from both hemispheres. The assumption is
certainly true for the total magnetic flux content, but the
open/closed field line boundaries are not necessarily iden-
tical. Conjugate observations of the local auroral brightening
at substorm onset have shown that large spatial deviations
(tens of degrees in longitude) may happen, evidencing a
temporary asymmetry in the field line about the equatorial
plane [Dstgaard et al., 2004, 2005b]. Stubbs et al. [2005]
also employed simultaneous UV images to find that the
entire polar caps can be displaced from each other. The
displacement seen in these studies was consistent with dis-
torted magnetic field lines, the distortion being in the same
direction as the IMF (in particular the y component). Sta-
tistical studies of the substorm onset location in relation to
the IMF have confirmed these findings [Liou et al., 2001,
Ostgaard et al., 2007]. The IMF dependent perturbation in
the magnetic field has also been demonstrated directly by
in-situ measurements [e.g., Wing et al., 1995]. Conjugate
studies have also been undertaken, using all-sky cameras on
the ground [e.g., Sato et al, 2005] or on air-planes
[Stenbaek-Nielsen and Otto, 1997, and references therein],
and a combination of observations from ground and space
[Frey et al., 1999; Vorobyev et al., 2001]. Vorobyev et al.
[2001] focused on the poleward boundary of the nightside
aurora, which they found to be displaced poleward in the
Northern (Southern) Hemisphere compared to the Southern
(Northern) Hemisphere when the IMF orientation was in the
Parker spiral sector B, <0, B,> 0 (B, >0, B, <0).

[6] In the present paper, we take advantage of two
fortuitous constellations of the IMAGE and Polar satellites,
both equipped with UV imagers, enabling simultaneous
observations of the aurora in the Northern and Southern
Hemispheres. The main focus is on a strong substorm
occurring on 12 May 2001. In this event, we observe
highly variable interhemispheric asymmetries in the polar
caps, arising in conjunction with significant flux closure.

[7] The method which we employ is described in the next
section. In section 3 we present the observations. The
findings are discussed in section 4. Section 5 concludes the

paper.

2. Method

[8] The IMAGE satellite [Burch, 2000] was launched on
25 March 2000 into an elliptical orbit, which after one year
in operation had its apogee (~7Rg) over the north pole. The
FUV instrument on this satellite included three imagers: The
Wideband Imaging Camera (WIC), and two Spectropgrahic
Imagers, SI-12 and SI-13. Due to their higher sensitivity
and spatial resolution, we use WIC images in this study.
WIC [Mende et al., 2000] provided images in the LBH
wavelength band (140-190 nm). Being mounted on the
spinning satellite, and viewing radially outward, it produced
images every 123 seconds (the satellite spin period), and had
10 seconds integration time.

[o] The Polar satellite was launched on 24 February 1996.
In 2001, precession of its elliptical orbit had enabled pro-
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longed observation of the Southern Hemisphere. In the
present study we use the VIS Earth camera [Frank et al.,
1995], which observed UV emissions in the wavelength
range of 124-149 nm. VIS Earth was mounted on a despun
platform, and in the images used here the integration time
was 32.5 s, with a nominal cadence of 54 s.

[10] The intensity observed by VIS Earth is dominated by
the OI line at 130.4 nm (83% during quiet conditions
according to Frank and Sigwarth [2003]). Most of the
remaining signal stems from the OI emission at 135.6 nm
and from the LBH band. Since WIC is only marginally
sensitive to the OI lines, some differences are expected in
the response of the two cameras to similar auroral features.
However, as long as the two cameras observe a prominent
poleward boundary in the aurora, these differences will not
affect the result in the present study, even if the absolute
intensities may differ.

[11] To calculate the polar cap flux content, an accurate
determination of the poleward boundary of the aurora is
needed at all local times, since this boundary is a proxy for
the open/closed field line boundary (OCB). Earlier studies
have used an automated routine for this purpose. Possible
methods include a functional fit (a gaussian is often used),
or a threshold intensity, often accompanied by automatic
tests of how well these methods work. In regions where no
valid boundary is obtained, interpolation is necessary, if the
total magnetic flux content in the polar cap is to be calculated.

[12] Having experimented with various automated rou-
tines for determining the boundary, we did not find any
single method which worked well in both hemispheres. This
is likely because WIC and VIS Earth have significantly
different count rates and signal to noise ratios. In the May
2001 event, additional complications arose from dayglow
contamination in the northern images. The dayglow was
removed using a functional fit to the background counts, but
residual Poisson noise was still evident on the dayside part
of the image. In many cases, automatic methods also tend to
fail in regions where manual inspection clearly shows that a
boundary between the background and auroral luminosity is
well defined. Since the comparison between the cameras
should be based on a common method, we therefore deter-
mined the boundaries by eye. This was done by separating
the image into 1 hour wide MLT sectors, and plotting the
intensity as a function of latitude. The boundary was placed
where the intensity profile transition from background to
aurora.

[13] Figure la shows this method applied on a best case
scenario (solid) and a worst case scenario (dotted-dashed).
These intensity profiles are from 20 to 21 MLT and 11 to
12 MLT in the WIC image taken 21:26:58 (Figure 3a). On
the night side, the boundary can be determined accurately,
because of the sharp transition from aurora to background
seen at 71°. For the dayside intensity profile, an accurate
determination is impossible, neither by eye, nor by any
automatic method that we are aware of. These kinds of
boundaries were therefore determined by looking at neigh-
boring regions, assuming the OCB to be fairly uniform, or
by looking at later images in which the dayside aurora could
be recognized, assuming the boundary not to vary much in
time. The latter assumption is justified at the dayside by the
concurrent stable solar wind and IMF conditions. The two
hemispheres were considered independently. All manually
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Figure 1. (a) Example of manual boundary determination
applied on two intensity profiles, from the WIC image at
21:26:58 UT, 12 May 2001 (Figure 3a). The intensity pro-
files are from 20-21 MLT (solid) and 11-12 MLT (dotted-
dashed). (b and c) The difference (A mlat in degrees)
between boundaries determined by gaussian fit [Carbary et
al., 2003], and our manually determined boundaries, in WIC
(Figure 1b) and VIS Earth (Figure 1c¢) in the 12 May 2001
event. The frequency denotes the number of cases in which
the difference was within the bins defined at the x axis. The
thick lines compares boundaries for which the gaussian fit
passed the Carbary et al. [2003] goodness of fit (GOF) tests.
The thin lines are without GOF tests. Asterisks denote the
frequency for boundaries in the [18-21] MLT sector
(without GOF tests), which will be studied in more detail in
section 4.2.
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(Table 1 shows these boundaries for the May 2001 event) to
determine the boundary accurately when and where these
satellites crossed the OCB.

[14] In Figure 1b and lc, we compare our manually
determined boundaries to boundaries determined by fitting
the intensity profile to a gaussian, plus a quadratic polyno-
mial which most often aligns with the background [Carbary
et al., 2003]. The thick lines show the frequency of differ-
ences between using the Carbary et al. [2003] method
(including a goodness of fit (GOF) test), and our manual
method. We see a fairly symmetrical distribution in the case
of WIC, centered at 1-2°, indicating that we place our
boundaries slightly equatorward compared to the Carbary et
al. [2003] method. For VIS Earth, very few of the bound-
aries passed the Carbary et al. [2003] GOF tests. The thin
lines show the difference when no test was applied on the
fitted function. Many of these boundaries were still placed
quite close to our manually determined boundaries, although
this distribution is also centered at 1-2°. The seemingly
common bias between manually determined boundaries and
boundaries determined by gaussian fits, indicates that we
have treated the two hemispheres equally, and that the re-
sulting boundaries are comparable. The asterisks show the
difference of the two methods in the [18-21] MLT region
(without GOF tests). This region had particularly sharp
poleward boundaries, and will be discussed in more detail in
section 4.2. The automatic and manual methods seem to
give similar results in this region, in the WIC images. The
still present deviation seen in VIS Earth, is likely caused by
a slant viewing angle in the equatorward edge of the auroral
oval, distorting the fitted function. The slant viewing angle
did however not affect the higher latitudes, and the bound-
ary could be easily identified.

[15] We have also compared the manually detected OCBs
to boundaries which were determined as the first point, from
the pole, in which the intensity exceeds some threshold
value. In 68% of the cases, our boundaries in the WIC
images are within 2° of the boundaries determined by a
threshold value of 800 counts. In VIS Earth, 83% of the
boundaries were within 2° of the boundaries using a 25
counts threshold. The mentioned thresholds were the values
giving the highest number of matches between the two
methods. In the [18-21] MLT sector, these threshold
boundaries matched the manually determined boundaries
(within 2°) in 90% of the cases in WIC, and 93% of the
cases in VIS Earth.

Table 1. Poleward Boundaries of Precipitation, as Seen by the
DMSP and NOAA Satellites During the Time When WIC and
VIS Observed the Entire Ovals in Both Hemispheres, During the
12 May 2001 Event

. . Satellite uT Mlat MLT
determined boundaries were rounded to the closest integer.
Th . t b dari . d £ DMSP-F15 21:32:30 —74.8° 20:50
e prominent boundaries were assigned an accuracy of N, s 213252 _70.6° 0710
+1°, and the less clear boundaries were assigned an accuracy  pMSp-Fi13 21:37:20 75.2° 18:00
of +2°. In the first images in the Southern Hemisphere, the NOAA-15 21:41:15 -79.5° 20:00
oval was outside the field of view in a small region post- gmgg‘;}i ;}‘S‘Zig ;;f %gg
SN o - :56: .9° :
midnight. Ig thes; cases, the? accuracy was set to +3°. We DMSP-F12 22:0747 7560 20:00
used low altitude in-situ particle precipitation measurements  pysp_Fis 22:16:45 77.0° 21:50
from DMSP F12, F13, F14 and F15, as well as NOAA-15
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Figure 2. (a) IMF B,, (b) B,, (c) B., measured by ACE
(solid) and Geotail (dashed) on 12 May 2001. The ACE
measurements have been time shifted from its position in
orbit around the L1 point to the Geotail position at xgsz =
12Rg. The shaded region shows when IMAGE and Polar
provided global coverage of the polar caps.

|

[16] Since some degree of subjectivity is impossible to
avoid when the boundaries are determined manually, we
include as auxiliary material print-outs of all images and
boundaries from the 12 May 2001 event, for the sake of
verifiability.'

[17] Figures 2a—2c show the IMF B,, B,, and B. compo-
nent during the May 2001 event. The dashed curves are
measurements by Geotail, which was located at (x, y, z)gsyr=
(12, 8, 2) R, and the solid curves are ACE measurements,
time shifted to the Geotail position. The time shift, 52 minutes,
was determined by a minimum variance analysis, and con-
firmed by matching a subsequent pressure increase (not
shown) with its response in the geosynchronous magnetic
field, measured by GOES-8. This is 15 minutes longer than
At = Ax/v,, which means that the phase fronts were oblique
to the propagation [e.g., see Haaland et al., 2007]. The solar
wind speed and density (not shown) were constant at
=620 km/s and =5 cm 3, respectively, corresponding to a
dynamic pressure slightly in excess of 3 nPa. The main point
of Figure 2 is to emphasize the stable IMF orientation, with
negative B, strongly positive B, and almost zero B,. The

'Auxiliary materials are available in the HTML. doi:10.1029/
2009JA015160.
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shaded region corresponds to the period with global cover-
age of the aurora in both hemispheres.

3. Observations

[18] Figure 3 shows five pairs of simultaneous images in
the Northern (upper row) and Southern (middle row)
Hemispheres, starting at 21:27 UT, and spanning almost 40
minutes. The OCB is indicated by a red (black) curve in the
Northern (Southern) Hemisphere. The ionospheric OCBs in
the two hemispheres can be compared in the lower row. The
UT at middle of exposure is shown above the images. All
five pairs have some overlapping integration time. All
images were taken during substorm expansion and recovery.
The onset was seen in the Northern Hemisphere at 21 MLT
at 21:24:55 UT (not shown).

[19] The first pair of images (Figure 3a) were taken a few
minutes into the substorm expansion phase. At this time, the
boundaries were quite circular and symmetric in the two
hemispheres. As revealed in the images taken ten minutes
later (Figure 3b), a large asymmetry between the hemi-
spheres emerged as the boundaries propagated poleward. In
the pre-midnight sector, the southern boundary was =5°
closer to the pole than its northern counterpart, while
neighboring regions (15 MLT and post-midnight) had an
opposite asymmetry. Figure 3¢ shows that the asymmetry
six minutes later, though still present, was more uniformly
distributed in local time. At this time, the OCBs underwent
rapid poleward propagation around 3 MLT. Eight minutes
later (Figure 3d), the post-midnight region exhibited large
asymmetries, the southern boundary being closer to the
pole than the northern boundary duskward of 4 MLT, and
further from the pole dawnward of 4 MLT. 12 minutes
later (Figure 3e), the sense of the asymmetry was largely
similar, demonstrating that the emerging asymmetries were
relatively stable. The five pairs of images also show that the
initial circular shape of the polar cap was better retained in the
Northern Hemisphere when compared to the Southern
Hemisphere.

[20] The images in Figure 3¢ reveal large differences in
intensity distributions, as reported by Laundal and Ostgaard
[2009]. In section 4.5 we discuss how the non-conjugate
spots may be interrelated with the spatial asymmetries in the
magnetic field signified by the OCBs.

3.1.

[21] Previous studies have used auroral images to calcu-
late the amount of open magnetospheric flux [e.g., Milan et
al., 2003; Hubert et al., 2008]. Since V - B = 0, the mag-
netic flux entering through the surface of the Earth is equal
to the flux which is leaving the surface. Since the closed
magnetic field lines by definition extend the same amount of
magnetic flux in both hemispheres, the open field lines must
also contain exactly the same amount of magnetic flux in the
two hemispheres. Hence, conjugate global images can be
used as a test of the hypothesis that the auroral oval cir-
cumvents all open magnetospheric flux: If the amount of
flux in the two measured polar caps is different, the
hypothesis or the method is wrong. The open flux is given
as the surface integral [ B dA, where B, is the Earth’s
magnetic field perpendicular to the surface at ionospheric
altitudes. We use the International Geomagnetic Reference

Interpretation in Terms of Open Magnetic Flux
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Figure 4. Total open flux in both hemispheres (a) 12 May
2001 and (b) 23 October 2002. The flux in the Northern
(Southern) Hemisphere is shown in grey (black).

Field (IGRF) at 130 km altitude (the assumed emission
height in the auroral images) for this purpose. The integra-
tion was performed in geographic coordinates.

[22] Figure 4 shows the total open flux in two hemi-
spheres for the 12 May 2001 (Figure 4a) event, and from
23 October 2002 (Figure 4b). The latter event was studied
in more detail by Stubbs et al. [2005]. The total open flux
content can be written as a sum of the flux content in the
24 sectors, ¢ = Zf“ ®;. With the assigned errors of 1, 2,
or 3 degrees, each sector is associated with a corresponding
error in the flux, €3 ;, where superscripts + and — correspond
to the error equatorward and poleward of the boundary,
respectively. The total error of the flux was then calculated

24

2
as ep = 1 (e%,.) . Figure 4 shows that the measured

amount of polar cap flux in the two hemispheres are
similar for both events, within the applied error bars (i.e.
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they deviate by less than ~0.05 GWb). This provides new
evidence that the dim region encircled by the auroral oval,
as seen by global FUV imaging, is indeed the ionospheric
footprint of the open flux in the magnetosphere.

[23] We also notice that in the 12 May 2001 event, the
initial amount of open flux in the magnetosphere was
0.85 GWb. Milan et al. [2008] showed that this number is
high (the most probable value for open magnetic flux was
~0.4 GWb in their study). According to Milan et al. [2009],
the flux closure rate during substorms is high when the initial
open flux content is high. This is also observed in the 12 May
2001 event, when ~0.45 GWb closed in 25 minutes. This
change in magnetic flux corresponds to a net mean closure
rate of 300 kWb/s, or 300 kV.

[24] In Figure 5, we look in more detail at where, in terms
of magnetic local time, the closing of flux took place in the
12 May 2001 event. Figure 5a—5d show the open flux
content in six hours wide MLT sectors. Figure 5 clearly
shows that in the first 15 minutes of the substorm, the
closing of flux happened at the pre-midnight sector (d),
followed by a steep drop in open flux content in the post-
midnight sector (Figure 5a) during the following 10 min-
utes, in agreement with the observations of the OCB in
Figure 3. This is consistent with tail reconnection happening
in two steps, first at dusk and then at dawn, or that the X-line
propagated from dusk to dawn. Figures 5a and 5d also show
that the interhemispheric asymmetry appeared in conjunc-
tion with flux closure. More specifically, in the pre-midnight
region (Figure 5d) an asymmetry appeared during the first
15 minutes, because the OCB moved poleward more rapidly
in the Southern Hemisphere than in the Northern Hemisphere,
resulting in more open flux in the Northern Hemisphere in
this sector. Since the total open flux content is equal, an
opposite asymmetry is expected elsewhere. This is observed
post-midnight (Figure 5a) and (less clearly) post-noon
(Figure 5¢). In the following 10 minutes, when the closing of
flux was most dominant post-midnight (Figure 5a), this
region experienced a change in sign of the asymmetry. For
the remaining period, the asymmetry was slowly reduced in
the pre-midnight sector (Figure 5d). An opposite asymme-
try, which balanced the total open magnetic flux content,
was most clear pre-noon (Figure S5b). Because of the
Poisson noise associated with the dayglow in the Northern
Hemisphere, and the relatively low intensity of the dayside
aurora in both hemispheres, an accurate determination of the
boundary was difficult close to noon. As a consequence the
asymmetries are generally within the error intervals in this
region. However, the consistent behavior of the asymmetry
seen between 21:30 and 21:40 in Figure Sc, and between
21:45 and 22:10 in Figure 5b, suggests that the asymmetries
are real.

[25] In Figures 5e—51 we have divided the polar cap fur-
ther into three hours wide MLT sectors. These plots show a
more detailed picture of where the flux closed and how the
interhemispheric asymmetries developed. Most promi-
nently, the [0, 3] (Figure Se) and [3, 6] (Figure 5f) MLT-
sectors reveal that the asymmetry was much larger closer to
midnight as the OCBs in this sector propagated poleward.
After 21:50 UT, these sectors exhibited opposite asymme-
tries, which explains why the sum of these regions ([0, 6]),
Figure 5a, was symmetric.
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[26] These observations show that auroral images from
only one hemisphere is insufficient to determine local
reconnection rate. In the [18, 24] MLT sector (Figure 5d),
the reduction of magnetic flux differed by =50 MWb in the
two hemispheres (20% of the initial flux content) during the
first 20 minutes. Since the reconnection rate necessarily is
equal in both hemispheres, this difference must be due to the
emerging interhemispheric asymmetry.

4. Discussion

[27] The 50 minutes of global conjugate coverage of an
auroral substorm presented in this paper reveals several
interesting features: (1) The polar cap boundaries propa-
gated poleward at different rates in the two hemispheres
during the substorm expansion phase, leading to inter-
hemispheric asymmetries in the polar cap boundaries. The
interhemispheric asymmetry was as high as 5° in some
regions. (2) The asymmetry differed from the classical view
[e.g., Cowley, 1981a, 1981b] that polar cap asymmetries in
essence is a global, uniform displacement. Instead, we
observe that the asymmetry was largest in regions where the
flux closure (tail reconnection) was strongest. Since the total
open flux content must be the same in both hemispheres,
such local asymmetries must be compensated for by an
opposite asymmetry at other regions, which is what we
observe.

[28] Comparing these findings to previous studies of
interhemispheric asymmetries is problematic for two rea-
sons. First, while many of the previous studies of inter-
hemispheric asymmetries have focused only on the
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substorm onset location [Dstgaard et al., 2004, 2005b,
2007; Liou et al., 2001], our findings show that interhemi-
spheric asymmetries may change rapidly during the sub-
storm expansion phase. This means that the formulas
derived from onset observations [e.g., Dstgaard et al., 2004]
may not be valid during the substorm expansion phase. A
study of longitudinal asymmetries during the course of a
substorm could resolve this issue. Second, studies which are
restricted to local measurements of polar cap asymmetries
[Vorobyev et al., 2001] do not recognize the non-uniform
nature in the asymmetry. For example, Figure 3b shows that
if we were restricted to local measurements in one of the
hemispheres, we would arrive at completely opposite con-
clusions, depending on which side of the magnetic midnight
meridian we are.

[20] The only earlier study that has utilized conjugate ima-
ges from IMAGE and Polar to study the entire auroral ovals,
Stubbs et al. [2005], showed that the ovals (as represented
by a best fit circle) were displaced in accordance with the
expected B, and B, effects [e.g., Cowley et al., 1991] and
dipole tilt effect [e.g., Oznovich et al., 1993]. Changes in
asymmetry were seen to be directly related to changes in
IMF orientation, consistent with newly opened field lines
being subject to magnetic stresses [Jorgensen et al., 1972].
The IMF control observed by Stubbs et al. [2005] is in
contrast to the observations in the present paper, where large
variations in asymmetry are seen, while the IMF remained
fairly steady (Figure 2). The most obvious difference
between the 12 May 2001 event, and the event studied by
Stubbs et al. [2005], 23 October 2002 (Figure 4b), is the
level of flux closure. The constant IMF and the rapid oval
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Figure 6. Paths of integration. C,, is along a segment of the
X-line, and chosen so that it is similar for the two loops. The
paths labeled C, are along the magnetic field lines mapping
from the X-line to the ionospheric footprints of the OCB, C; 5
and C,s.

contraction suggests that the 12 May 2001 asymmetries were
not directly driven by the IMF influence on newly open field
lines, but rather by processes related to, or excited by tail
reconnection.

[30] The progression of the OCBs from a symmetrical
to an asymmetrical configuration implies that the bound-
aries moved at different velocities in the two hemispheres.
In the following we show that the ionospheric OCB velocity
depends on local reconnection rate, ionospheric convection
velocity, and parallel electric fields. We also show how these
quantities are related in a two-hemisphere system. Then we
apply this relation on a segment of the OCBs in the 12 May
2001 event.

4.1. Open/Closed Boundary Motion

[31] The relation between polar cap motion and plasma
convection can be found using a similar approach as pro-
posed by Vasyliunas [1984] and applied in several recon-
nection studies [e.g., Dstgaard et al., 2005a]. We start with
Faraday’s law:

%(E-‘ruxB)dl:—%—T (1)

where @ is the magnetic flux through a surface enclosed by
the integration path on the left hand side. u is the velocity of
the integration path with respect to the chosen coordinate
system.

[32] Now we specify two integration paths, shown in
Figure 6: C,, + Cp1 + Ciy+ Cppand G, + Cp3 + Cis+ Cpa,
where C;y and C;s are along the ionospheric OCB in the
Northern and Southern Hemispheres, respectively. C,, is
along the segment of the X-line to which the two iono-
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spheric paths map. The paths labeled C, are chosen to be
along magnetic field lines. For the integration paths C,, C; x
and C; s we assume the ideal MHD approximation to be true,

E+vxB=0, (2)

where v is the convection velocity of the plasma. A condi-
tion for this to hold is that the ion-neutral collision fre-
quency is low. @stgaard et al. [2005a] showed that this
requirement can be accommodated by placing the C; inte-
gration paths at 300 km, which does not significantly change
the latitudes inferred from auroral images (in which an
emission height of 130 km were assumed). Equation (2)
gives an expression for E, which can be substituted in
equation (1) everywhere, except along C,. The integrand
then, ([v —u] x B) - dl, vanishes along C,, since B is parallel
to dl. If E # 0, equation (2) does not hold along C,, but the
integrals along the C,’s would cancel if the potential drop
along these paths are the same. In section 4.3 we discuss the
effect of non-canceling parallel electric fields. The integra-
tion path is chosen so that it is tangent to the magnetic field,
and d® = B - ndS is identically zero everywhere. Therefore
the magnetic flux threading the surface is zero, and thus
constant, and the right hand side of equation (1) vanishes.
Since B is either parallel to the X-line or zero, u x B=0 along
C,,. Hence, equation (1) reduces to

/C”'E»dl:/C’([vfu]xB)»dl. 3)

For the C; integration path, u corresponds to the velocity of
the ionospheric open/closed boundary. v is the ionospheric
convection velocity.

[33] This equation demonstrates that, if there is no
reconnection in the magnetosphere (E = 0 on the left hand
side), u = v, and the open/closed boundary moves exactly
with the plasma convection (adiaroic convection). The
equation also shows the equivalence between magnetic
reconnection rate, quantified by E, and plasma flow across
the OCB, v — u [Vasyliunas, 1984]. This identity has pre-
viously been used to assess tail reconnection rate from
combined measurements of OCB location and plasma flow
[e.g., de la Beujardiere et al., 1991; Blanchard et al., 1996;
Ostgaard et al., 2005a; Hubert et al., 2008].

[34] The left hand side of equation (3) is common for both
paths of integration depicted in Figure 6, since conjugate
segments of the OCB map to the same X-line. Setting the
right hand sides in the two equations (for the two inte-
gration paths) equal to each other, we get the relation between
ionospheric convection, open/closed boundary motion, and
magnetic field in the two hemispheres:

./C,v([V7U] XB)‘dl:-/C,_s

[35] From this equation it is clear that if the ionospheric
convection v is different in the two hemispheres, u may also
be different, and the OCBs may become asymmetrical.
However, this statement is not yet exact, since interhemi-
spheric differences in v may also be balanced by differences
in B, and by differences in the integration paths. We thus

([v—u] xB) -dl (4)
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need to make further considerations in order to use this
equation quantitatively.

[36] First, we make one approximation regarding the
integration paths: Let C; coincide with circles of magnetic
latitude (the OCB is circular along C; seen in magnetic
coordinates). We then introduce average values of the
quantities in the integrand, in order to solve the integral:

/C.([v—u]xB)»dl:LBi(vfu) (5)

= LyBi n(vw —uy) = LsB) s(vs — us) (6)

where L is the length of C;, B, is the absolute magnetic field
perpendicular to dl, and v and u are velocities in the equa-
torward direction along magnetic meridians (the velocities
are assumed to be horizontal).

[37] In general, B, y # B, g and Ly # Ls, even when the
OCB segments are on the same magnetic latitude. This is
because the Apex coordinate system (and also the similarly
defined AACGM system) is irregular: In the region above 60°
magnetic latitude, the geographic distance corresponding
to one degree of magnetic latitude ranges from ~93 km
(=97 km) to =131 km (=165 km) in the Northern (Southern)
Hemisphere. The length of one degree of magnetic longitude
will also vary along a circle of magnetic latitude.

[38] Conjugate images give us an estimate for the OCB
locations, which we can differentiate to get the OCB
velocity. The resulting unit is magnetic latitude per second,
which, according to the previous paragraph is not propor-
tional to m/s. In order to take this effect into account, we
transform equation (6) to magnetic coordinates. To do this,
we recognize that the OCB velocity, ', measured in mag-
netic coordinates relates to the OCB velocity in equation (6),
u, by u' = u/d, where d is the dimensionless ratio between a
unit length along a meridian in the magnetic system (not
constant), and a (constant) unit length in a regular system
(e.g., the length of one degree magnetic latitude, divided
by the length of one degree latitude in a regular system,
2mR£/360). Similarly, v = v/d. As discussed above, d is a
function of space (on the surface of the Earth). From now
on, primed quantities refer to quantities measured in magnetic

coordinates. Multiplying equation (6) by Z:Z‘:, we get,
dyLyBi x(V — un) = dsLsB. s(vs — us) (7)
= Oy (v — u) = Ps(vs— us) (8)

where we have interpreted dLB | as the magnetic flux ® in a
thin strip along the OCB of length L and width d (since d is
dimensionless, we will have to multiply the equation by a unit
length to justify this). An advantage of the Apex (and
AACGM) coordinate system is that the magnetic flux in areas
spanned by the same magnetic coordinates in the two hemi-
spheres, is equal. This means that, if the OCBs start out being
symmetrical, so that 5 = ®g, equation (8) implies that they
can become asymmetrical (uy # us) only if viy # vs. Emerging
OCB asymmetries thus presupposes differences in the iono-
spheric equatorward convection in the two hemispheres.

[40] If, on the other hand, the OCBs are on different
latitudes, ®y # Pg (assuming they span the same longitu-
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dinal angle). In the Apex/AACGM systems, the amount of
magnetic flux in equally wide concentric circles diminish
towards the pole (in the longitudinal direction, the flux
content is constant in these circles). A consequence of this
can be seen if we put the convection equal to 0 in both
hemispheres, so that the OCB moves only in response to
magnetic reconnection. Then, u§ = ‘fp’—:u}v If, say the
southern OCB is poleward of the northern OCB, ®p > &g,
and the southern OCB will move faster than the northern
OCB. Hence, if the ionospheric footprints of an X-line in the
tail (flux closure) are on different latitudes, the asymmetry
will be reinforced. We emphasize that this is more of a
geometric effect, introduced by the definition of the Apex
coordinates, rather than an increase in the field line distor-
tion. Nevertheless, this property must be taken into account
here, and it is also useful to be aware of, since it implies that
latitudinal asymmetries may be self-reinforcing. If the
asymmetry is measured in magnetic flux, as in Figure 5, the
self-reinforcement effect is compensated for.

4.2. OCB Motion: The 12 May 2001 Event

[41] We now solve equation (8) for the [18, 21] MLT
sector in the 12 May 2001 event. The conjugate images have
given us the average OCB location, from which we can find
us and uf, and calculate ®y and g All quantities are
considered as constant along the OCB segment. We also
need to assume that the two segments of the OCB are indeed
conjugate, and not displaced in longitude. To get the dif-
ference in ionospheric convection from equation (8), we will
have to make assumptions for the convection velocity in one
of the hemispheres. These assumptions necessarily intro-
duce significant errors. However, the purpose of this exer-
cise is to give a rough assessment of what the ionospheric
convection must be, in order to account for the observed
asymmetries. The choice of the [18, 21] sector is due to its
prominent OCB, large asymmetry, and the fact that two
DMSP spacecraft, carrying instruments which could mea-
sure the plasma convection, crossed the OCB in the two
hemispheres. We will use these measurements, and physical
considerations, to substantiate our estimate of the convection.

[42] The quantities in equation (8) for the [18, 21] MLT
sector are shown schematically in Figure 7. Figure 8a shows
the average location of the OCB in this sector (thin, solid),
with error (dashed). We have interpolated the values to a
common time resolution, and then calculated four minutes
averages (thick, solid). The Northern Hemisphere bound-
aries are shown in grey, and the Southern Hemisphere in
black. The change in latitude over time gives u' for both
hemispheres, shown in Figure 8b. ' is shown in units of
m'/s = (m/d)/s, where d is the scaling factor described in
section 4.1. At the OCBs considered in Figure 8, d is close
to 1 (d € [0.93, 1.12]), so that m'/s is always close to m/s.
However, we keep the primes for consistency with the
preceding section, and to emphasize the principal difference
between the magnetic coordinate system and a regular
coordinate system. Figure 8b shows that the poleward
velocity of the southern OCB is higher than the poleward
velocity of the northern OCB, which leads to the observed
increasing asymmetry. Figure 8c shows the evolution of ®,/
g (in our calculation, we used the magnetic flux within a
strip with a width of 1° magnetic latitude, centered at the
OCB latitude). The ratio is 1 where the OCBs are collocated,

9 of 15

125



A07230

18 MLT

1° MLAT

Figure 7. Schematic illustration of the quantities in
equation (8). The OCB motion, u' is derived from mea-
surements of the OCB location (Apcp). This motion depends
on reconnection rate, and ionospheric convection. An
illustration of the convection pattern is shown as grey con-
tours (for clarity, only one hemisphere is shown). V' is the
projection of the ionospheric convection v’ onto a magnetic
meridian. The grey strips along the OCBs mark the regions
containing the flux ®, and ®g in equation (8) (for numerical
reasons, we used a width of 1° magnetic latitude for the
strips). Figure 7 is shown in magnetic coordinates, and for
consistency with the text, we use primes to denote quantities
which can take different values when transformed to a
geographic coordinate system (except for Aocp).

and otherwise in agreement with decreasing magnetic flux
towards the pole.

[43] The unknown quantities in equation (8) are vl and vij.
First we consider the case that vl = viy. The resulting con-
vection velocity is shown in Figure 8d. During the first ten
minutes, the convection is unrealistically strong. This is a
strong indication that the equatorward ionospheric convec-
tion must have been different in the two hemispheres during
this period. After 21:35 UT, the convection is reduced, but
still relatively strong (fluctuating between ~—500 m'/s and
~2500 m'/s). This behavior is also unrealistic, but considering
the inherent uncertainties in our method, we can not rule out
the possibility of symmetrical (or almost symmetrical) con-
vection during the last 10 minutes of the period.

[44] In order to obtain some reasonable value, we will set
the convection in one hemisphere to a fixed positive
(equatorward) value, and then use equation (8) to calculate
the other. In Figure 8e, the grey lines show vjy = 600 m'/s
(dashed) and vy = 900 m'/s (solid). The corresponding
convection in the Southern Hemisphere is shown as black
curves. In both cases, the asymmetry between hemispheres
is strong (AV' ~ 500 m'/s) in the first ten minutes, and
smaller towards the end. This shows that a difference in v of
~500 m'/s, lasting for =10 minutes can account for the
observed asymmetries. The decrease in equatorward con-
vection seen in the Southern Hemisphere does however
seem unreasonable, considering the increase observed in
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previous studies of ionospheric convection during substorm
expansion [e.g., Provan et al., 2004].

[45] We now use convection measurements from the two
OCB crossings by DMSP F15 and F13, as well as the results
from Figures 8d and 8e to suggest a more realistic scenario.
The convection measurements are shown in Figure 9.
Figures 9¢ and 9d show the value of the convection vector
composed from the RPA (parallel to the satellite track) and
IDM (perpendicular to the track) measurements projected
onto a magnetic meridian in the Northern and Southern
Hemispheres, respectively (positive in the equatorward
direction). The vertical dotted bars show the time when the
spacecraft crossed the OCB, as determined by particle pre-
cipitation measurements (Table 1). The values are averages
within 40 seconds bins (the nominal resolution is 4 seconds),
and the vertical bars denote the standard error. Only mea-
surements labeled “good” were used for this purpose. From
Figure 9, we get that vg = 300 m/s at 21:32:30 UT, and vy =
600 mv/s at 21:37:20 UT (diamonds in Figure 8f). Figures 9a
and 9b show the velocity vectors along the satellite tracks,
plotted on top of the auroral images closest to the OCB
crossing. In Figures 9a and 9b, the blue vectors denote mea-
surements of “good” quality, while the red vectors include
measurements labeled “caution.”

[46] In Figure 8f, we assume the convection in the
Northern Hemisphere to increase from 0 m'/s to 900 m'/s in
the first few minutes of the period, and decrease to 600 m'/s
at 21:35 UT. These velocities were chosen for two reasons:
First, it does not imply a reduction of the convection in the
Southern Hemisphere during the first ten minutes (as
opposed to the vy = const. case). Second, the velocities at
the times of the OCB crossings by the DMSP spacecraft
were chosen so that they are in accordance with the mea-
surements (d = 1 so that m'/s = m/s). This scenario confirms
that an interhemispheric difference in equatorward convec-
tion of 500 m/s (using d =~ 1) during the first 10 minutes of
the period can account for the observed asymmetry. During
the remaining period, much of the still growing asymmetry
is handled by the self-reinforcement effect discussed in the
previous section. However, some rather fluctuating differ-
ences in convection seem to remain.

4.3. Effect of E

[47] So far we have assumed £ = 0 along the C, inte-
gration paths, so that equation (2) is valid. If we allow for
parallel electric fields to be present, the integrals along C,
become [ Eydl = AV, since the remaining terms in the
integrand in equation (1) are perpendicular to dl. If the
potential drop along the two C,’s are equal, the effect of
parallel electric fields are canceled by the opposite direc-
tions of the integration paths. If, on the other hand, there is a
spatial gradient perpendicular to the magnetic field in the
electric potentials, so that the two field aligned integrals do
not cancel, we are left with a net potential drop in addition to
the terms in equation (3). Assuming this net potential drop is
only present in one hemisphere, we can follow the same
procedure as derived above, and arrive at equation (8), only
with the potential drop AV at one side of the equality,

dyLyB1 (Vv — uly) = dsLsB) s(vs — us) + AV )
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Figure 8. Equation (8) solved for the [18, 21] MLT sector
on 12 May 2001. (a) Magnetic latitude of the OCB in the
Northern (grey) and Southern (black) Hemispheres. The
thick curves were averaged over four minutes. The dashed
curves show the uncertainty. (b) OCB equatorward motion.
The unit is m'/s = (m/d)/s. (c) Ratio of the magnetic flux in
thin strips along the OCBs, ®,/®s. (d) Equatorward con-
vection velocity, assuming vy = vs. (¢) Equatorward con-
vection velocities in the south, assuming vl = 600 m'/s
(dashed) and viy = 900 m'/s (solid). (f) Equatorward con-
vection velocity in the south, assuming the convection in the
Northern Hemisphere follows the grey curve. The diamonds
mark convection measurements by two DMSP spacecraft.

For the dimensions to be consistent, we write the ®’s as
dLB,. This equation implies that, to accommodate the
potential drop, plasma must be allowed to cross magnetic
field lines (V' - ' # 0, at least in one of the hemispheres), in
such a way that differences in ' may be introduced between
hemispheres. If, for simplicity, we assume dyLyB, y =
dsLsB | s= LB, and vy = v (we skip the primes now, since
d is assumed to be 1), and let AV be positive (this could
correspond to an electric field anti-parallel to the C,3 inte-
gration path (parallel to the magnetic field) in Figure 6),
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equation (9) gives the difference between uy and ug intro-
duced by the potential drop:

u‘v—usi%. (10)
For a magnetic field of 50,000 nT and L ~ 2000 km (which
corresponds approximately to a longitude segment of 45° at
75° latitude), we get LB, = 100 Tm. For a parallel potential
drop of 5 kV, this corresponds to a difference between uy
and ug of 50 m/s. If this was allowed to go on for 20 minutes,
it would result in an interhemispheric asymmetry of =~0.5°.
A difference in u of 50 m/s is thus much less than the typical
differences observed in Figure 8b. However, it should be
noted that this is an average value for the entire 45° wide
sector. If we reduced L, thus sharpening the gradient in AV,
the difference in # would grow, and could become a signifi-
cant factor in producing local interhemispheric field line
asymmetries.

4.4. Asymmetric Convection

[4¢] The scenario suggested by Figure 8f is that the
observed asymmetry in the 18-21 MLT sector in the 12 May
2001 event can be accounted for by a brief (~10 minutes)
period of asymmetrical meridional convection (Av =500 m/s)
in the two hemispheres. The next question is why the con-
vection becomes asymmetric. In very general terms, the
answer to this question is that either the high-altitude
(magnetospheric) region, which is the ultimate source of the
ionospheric convection, enforces the asymmetry, or that the
ionosphere responds differently to symmetrical forcing, or a
combination of these effects. In the 12 May 2001 event, two
parameters which are believed to contribute in separate re-
gions stand out: 1) The IMF B, component was strong (B,,
was not), which, according to Cowley [1981b] can lead to
asymmetrical lobes, forcing the equatorial plane in the
negative z direction. Owing to the same forces, the northern
half of the field lines might be expected to be pushed inward
more efficiently, leading to the convection asymmetry.
However, this can not be the sole cause, since the OCBs
became asymmetric while the IMF was unchanging. 2) The
Northern Hemisphere was highly sunlit, and the Southern
Hemisphere was in darkness. The situation depicted in
Figure 8f resembles a northern, sunlit hemisphere which
responds promptly to a burst of earthward magnetospheric
convection, while the southern winter ionosphere lags
behind. The difference in ionospheric response could be due
to an excess of parallel electric fields in the southern winter
hemisphere compared to the summer hemisphere [e.g.,
Newell et al., 1996], which could decouple the southern
ionosphere from the magnetosphere. Another possibility is
that the pre-existing convection in the northern summer
hemisphere, which according to statistical studies [Ruohoniemi
and Greenwald, 2005] of ionospheric convection should
be stronger than in the winter hemisphere, more easily ac-
commodates the change in magnetospheric convection. The
increased meridional convection imposed by the magneto-
sphere, which these explanations presuppose, has been
shown to be characteristic of the substorm expansion phase
[Provan et al., 2004; Bristow and Jensen, 2007]. The
Northern Hemisphere flow in Figure 8f is stronger than
typical observations reported by Provan et al. [2004] and
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Figure 9. Ionospheric convection measurements
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from DMSP F13 and F15. (a) WIC image from the

Northern Hemisphere, taken approximately at the time when DMSP F13 crossed the open/closed bound-
ary at the dusk side. Horizontal convection measurements along the satellite track is also shown. Blue
color indicates data of good quality, while the red vectors include data labeled “caution”. (b) Same format
as Figure 9a, but with satellite track of DMSP F15, which crossed the southern OCB at dusk approxi-
mately when the image was taken. (c) Average convection velocity in the Northern Hemisphere projected
onto a magnetic meridian (positive in the equatorward direction). Each data point is an average of the
(“good”) measurements obtained at the UT on the x-axis + 20 seconds. The error bars show s/\/n, where
s is the standard deviation, and n (>2) is the number of measurements. The vertical dotted bar marks the

time of the OCB crossing. (d) Same format as in
F15).

Bristow and Jensen [2007], but still at a reasonable level,
considering the above average strength of the substorm.
[49] The increased meridional flow is also in accordance
with the theory by Cowley and Lockwood [1992], who
proposed that the destruction of open flux implied by tail
reconnection leaves the magnetosphere-ionosphere system
in an excited state, which is then brought back towards an
equilibrium by convection, thus making reconnection a key
prerequisite for convection. This concept is illustrated in
Figure 10, which is a copy of Cowley and Lockwood [1992,

12

Figure 9c, but for the Southern Hemisphere (DMSP

Figure 7]. In Figure 10a, there is no generation or destruc-
tion of open magnetic flux, and consequently, there is no
flow across the OCB. In Figure 10b, impulsive reconnection
in the tail has closed an amount of flux, dF, causing the
ionospheric footprint of the X-line to move to higher lati-
tudes. The convection, which has not yet commenced, will
now start to transport the OCB to the new equilibrium,
shown as a dotted-dashed circle. The excited convection is
shown as arrowed loops in Figure 10c. In this panel, the
reconnection has ceased, and the OCB is transported
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Figure 10. Cartoon showing how ionospheric convection
is excited after magnetic flux closes. The solid curves indi-
cate the open/closed field line boundary. (a) Static situation,
in which no flux is opened on the dayside or closed on the
nightside, and consequently there is no convection. The total
open flux content is F. (b) Impulsive tail reconnection has
closed flux (dF), causing a perturbation to the boundary.
The dashed-dotted line indicates the new equilibrium
OCB. (c) The tension associated with the perturbed bound-
ary in the magnetosphere excites convection (arrowed solid
loops), transporting the OCB towards a new equilibrium.
The dashed curve indicates the boundary of the closed flux.
(d) A new equilibrium has been achieved. The dashed curve
indicates the location of the redistributed, newly closed
flux. Figure 10 is a copy of Cowley and Lockwood [1992,
Figure 7]. With kind permission of Springer Science +
Business Media.

towards the new equilibrium with the flow (u = v in
equation (3)). The new equilibrium is reached in Figure 10d,
and the convection has stopped. The closed flux, dF has
been redistributed to the area indicated by the dashed curve.
In reality, this process happens more continuously, and the
presence of reconnection on the dayside and on the nightside
is what leads to the familiar two-cell convection pattern.

[50] According to this picture, the magnetospheric con-
vection should be strongest where the reconnection is
strongest. Therefore, due to differences in the ionospheric
response, interhemispheric asymmetries in the OCB might
also be expected to be strongest in these regions. This is in
excellent agreement with the observations presented in
Figure 5, which shows that the asymmetry is strongest in the
regions where more flux closes. The conspicuously more
circular OCBs in the northern than in the Southern Hemi-
sphere (Figure 3) might also be explained in terms of the
Figure 10 cartoon; if the Northern Hemisphere responded
more promptly to the magnetospheric convection excited
after flux closure in the tail, the ionospheric OCB would
reach equilibrium (circle) earlier than in the Southern
Hemisphere. In this process, the elevated convection in the
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Northern Hemisphere, will also transport the OCB at the
regions flanking the X-line to relatively lower latitudes,
which may explain the opposite asymmetries at dawn and
dusk.

4.5. OCB Asymmetries and Interhemispheric Currents

[51] The 12 May 2001 event also exhibited non-conjugate
aurora which has been interpreted as ionospheric signatures
of interhemispheric currents [Laundal and Ostgaard, 2009].
One of the non-conjugate spots occurred at the dawn side in
the Northern Hemisphere, between 21:40 and 21:50 UT.
This coincides remarkably well with significant flux closure
in this region (Figure 5a), and a concurrent change in
asymmetry (most evident in Figure Se). This strongly sug-
gests that the current and the field line perturbations
signified by the OCB asymmetries are interrelated. The
simplest realization of the field line perturbation, is to
consider the field lines to be deformed only in the radial
direction. In that case, the OCB asymmetry on the dawn-
side is consistent with an additional perturbation magnetic
field in the outward direction, while the nightside asym-
metry is consistent with an inward perturbation field. By
Ampere’s law, the shear in the perturbation field between
these regions implies a current anti-parallel to the field lines
(electrons down in the Northern Hemisphere), approxi-
mately collocated with the non-conjugate dawn spot in the
north. Since in large-scale space plasmas, the curl in mag-
netic field in general produces the current, and not vice versa
[Parker, 1996; Vasyliunas, 2005], the cause for the non-
conjugate spot (which signifies a current) may therefore be
found if we can explain the OCB asymmetry (which sig-
nifies V x B).

[52] To this end, we need to know the parameters which
govern the convection during the substorm expansion phase,
and hence the emerging asymmetries in the magnetic field.
We have pointed out two possible candidates in the 12 May
2001 event: The IMF B,, and the dipole tilt angle (through
interhemispheric differences in ionospheric conductivity).
To properly address this question, more statistics is needed.
Because of the lack of global conjugate images, the most
practicable way of doing this is by MHD modeling, or by a
superposed epoch analysis of substorm observations in one
hemisphere. This is reserved for a future work.

5. Conclusions

[53] We have used two serendipitous constellations of the
IMAGE and Polar spacecraft, both equipped with UV im-
agers, to study the conjugate auroral ovals. We have focused
on the size and shape of the dim region encircled by the
bright aurora. The magnetic flux content in these regions
were found to be equal. This indicates that the polar caps,
as observed in UV images, are cross sections of the open
magnetic flux, as is often assumed.

[54] In one of the events, 12 May 2001, a significant
amount of flux closed during the expansion phase of a
substorm. Concurrently, the open/closed boundary in the
two hemispheres became highly asymmetrical. The emerging
asymmetries were strongest in the regions where magnetic
flux closed most rapidly. In neighboring regions, an opposite
asymmetry was observed, preserving equal amounts of open
flux.
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[55s] These observations strongly suggest that the inter-
hemispheric asymmetry at the footprints of the magnetic
field lines increases, and hence the magnetic field is
deformed during the course of a substorm. This has not been
recognized in previous studies of interhemispheric symme-
try. The local nature of the asymmetries seen in this study
implies that local measurements of the asymmetry may give
an incomplete view of magnetospheric geometry. A com-
plete view of interhemispheric asymmetries, and hence its
causes, can only be given if temporal and spatial variations
are considered.

[s6] We have shown that open/closed boundary asymme-
tries can only arise if the ionospheric convection velocities are
different in the two hemispheres, or in the presence of
spatial gradients in field aligned electric potential drops
along the OCB. A quantitative analysis of the [18, 21] MLT
sector revealed that most of the emerging asymmetry in this
sector could be accounted for if the ionospheric convection
in the meridional direction differed by =500 m/s in the two
hemispheres for the first ~10 minutes of the expansion
phase. We suggest that the cause for the different convection
velocities are differences in the ionospheric response to an
increase in magnetospheric convection during the substorm
expansion phase. The difference in ionospheric response can
be due to the large seasonal differences. The strong B,
component in the IMF could also contribute to an OCB
asymmetry [Cowley, 1981a], although this effect seems less
likely, since the IMF remained almost constant, while the
asymmetries changed rapidly.

[571 The clear dependence of the OCB asymmetry on
reconnection rate (Figure 5) suggests that the observations
presented in this paper represent an intrinsic phenomenon
during substorm expansions, when flux closes rapidly in the
tail [e.g., Milan et al., 2009]. We have identified the IMF
and ionospheric conductivity differences in the two hemi-
spheres as two potential sources for the asymmetry. In other
events, when B, # 0, we might expect polar cap asymmetries
to appear under the influence of the different flow strengths
in the two convection cells [Provan et al., 2004]. However,
to firmly determine the parameters responsible for the
asymmetries, more statistics is needed.
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