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Reversed two-cell convection in the Northern and Southern
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[11 This article presents a case study of large-scale ionospheric convection in the
Northern and Southern Hemispheres under strongly northward interplanetary magnetic
field (IMF) conditions on 9 November 2004. Using a comprehensive data set from both
ground- and space-based instruments, the study shows the formation of reversed
two-cell convection in both the Northern and Southern Hemispheres that lasted for
nearly 2 hours. Examination of the concurrent satellite energy-time spectrograms of
precipitating particles reveals that reverse convection occurs in the region filled mostly
with the boundary plasma sheet (BPS) type precipitating electrons except that the
electron number flux is much smaller than that in the normal BPS. We have named this
region the northward B, boundary layer (NBZBL), which we interpret as a consequence
of double-lobe reconnection. This interpretation is corroborated by the global MHD
simulations, which show that the NBZBL consists of mostly closed field lines, resulting
from double-lobe reconnection in both the hemispheres, together with intermittent
presence of overdraped open field lines, resulting from single-lobe reconnection in one
of the hemispheres. In addition to reversed two-cell convection, the distribution of
field-aligned currents (FACs) shows clearly the presence of a pair of the northward B,
(NBZ) currents near the central polar region in both the hemispheres. Intense
downward Poynting flux with a peak value around 100 mW/m~ is also seen in the
high-latitude polar region, which tends to surround the upward leg of the NBZ
currents. Finally, the potential drop between the two reverse-convection cells exceeds
100 kV, which is far larger than the values reported in any previous studies of reverse
convection under northward IMF conditions. The unusually large reverse potential
drop in this case is attributed in part to the strong NBZ component of 35-40 nT and
in part to the unusually large solar wind dynamic pressure that is about five times its

nominal value.
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1. Introduction

[2] The morphology of high-latitude ionospheric convec-
tion depends strongly on the orientation of the interplane-
tary magnetic field (IMF). When the IMF B, component is
southward, the large-scale plasma flows form a two-cell
circulation pattern, with the dawn cell in counter clock-
wise circulation and the dusk cell in clockwise circulation.
Plasma flows are predominantly antisunward across the
polar cap for southward IMF. When B, is northward, the
convection configuration becomes rather complex, con-
sisting of either distorted two cells or multiple cells. In
case of a multicell pattern, the two cells near the central
polar cap are in reverse circulation as opposed to that
under southward IMF conditions, namely, clockwise cir-
culation on the dawnside and counter clockwise circula-
tion on the duskside. Correspondingly, under northward
IMF, plasma flows across the central polar cap are
sunward instead of antisunward. This type of convection
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Figure 1. The noon-midnight meridian cross section of
the magnetosphere corresponding to northward IMF condi-
tion. The blue dashed line represents the magnetopause,
and the red dots denote the reconnection sites. Figure 1 is
adapted from Figure 4 of Crooker [1992] but modified
for the northern winter conditions.

configuration is dubbed “reverse convection” [e.g., Crooker,
1992].

[3] The formation of reverse convection has been postu-
lated in terms of the overdraped lobe model [Crooker, 1992],
which was developed from the conceptual magnetic recon-
nection models proposed first by Dungey [1963] and later by
Cowley [1981, 1983]. Figure 1 depicts the magnetospheric
topology in the noon-midnight meridian plane. It is adopted
from Figure 4 of Crooker [1992] but modified for northern
winter conditions. On the basis of the overdraped lobe
model, magnetic reconnection preferably takes place in the
Southern (Summer) Hemisphere where an interplanetary
field line merges with a closed plasma sheet field line just
poleward of the southern cusp. The newly opened field line
then drapes over the dayside magnetopause, and the mag-
netic tension force exerted on the field line brings the plasma
sunward together with the field line. A second reconnection
can take place in the Northern (Winter) Hemisphere where
the draped field line merges with an open-lobe field line,
forming a closed field line on the dayside and a detached
field line on the nightside that eventually is carried away by
the solar wind. The northern reconnection is most permis-
sible when the IMF B, component is negative, opposite to
the x component of geomagnetic field poleward/tailward of
the northern cusp. It is possible that the draping of field lines
over the dayside magnetopause may effectively reduce the
B, and seasonal dependence of lobe reconnection. Though
Figure 1 depicts specifically the IMF reconnecting with
closed plasma sheet field lines, the same process is readily
applicable with open-lobe field lines, such as described by
Milan et al. [2000] and Imber et al. [2006]. This concurrent
high-latitude reconnection process in both the hemispheres,
which is also referred as double-lobe reconnection, thus
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produces sunward plasma flows in both the northern and
southern polar regions. Double-lobe reconnection is expec-
ted to occur when the IMF clock angle is small [Crooker,
1992; Provan et al., 2005; Imber et al., 2006].

[4] Lobe reconnection is primarily a summer phenomenon
[Crooker and Rich, 1993]. Indeed, the reversed two-cell
convection configuration is often found in the Summer
Hemisphere, whereas weak, distorted, convection is typi-
cally seen in the Winter Hemisphere under northward IMF
[e.g., Bythrow et al., 1985; Knipp et al., 1993; Lu et al.,
1994]. Sunward plasma flows have been observed in the
Northern and Southern Hemispheres under northward IMF
conditions [Reiff, 1982; Cumnock et al., 1995; Imber et al.,
2006; Hu et al., 2006]. However, the reversed two-cell
convection patterns that form simultaneously in both the
hemispheres have rarely been reported partly because of the
fortuitous seasonal and IMF conditions that are required for
such events and partly because of the inadequate global
coverage of observations. Using the Super Dual Auroral
Radar Network (SuperDARN), Provan et al. [2005] pre-
sented a case study of a four-cell convection pattern, with
two reversed cells at high latitudes and two “normal” cells at
lower latitudes, in the Northern Hemisphere when IMF B,
was strongly northward (i.e., B./IB,| > 1). Unfortunately,
owing to the lack of adequate radar backscatter in the
Southern Hemisphere, they were unable to construct the
global convection pattern even though the Southern Hemi-
sphere was in the more favorable summer condition. It
should be noted that the presence of sunward convection
does not always invoke the formation of the reversed two-
cell convection pattern [Cumnock et al., 1995]. Global
observations are required to unambiguously characterize the
large-scale ionospheric convection configuration under var-
ious IMF orientations.

[5] The overdraped lobe model predicts that reverse con-
vection can occur simultaneously in both the hemispheres
when one hemisphere has the seasonal preference, while the
other hemisphere has the IMF B, preference. The event that
we present here was one such propitious occurrence. The
event took place on 9 November 2004, when a fast-moving
interplanetary coronal mass ejection (ICME) impinged on
the Earth’s magnetosphere [Richardson and Cane, 2010].
Within the leading edge of the ICME, the IMF B, component
was strongly northward for several hours and B, was nega-
tive. Thus, while the seasonal condition (e.g., southern
summer) helps reverse convection to form in the Southern
Hemisphere, the negative B, condition facilitates reverse
convection in the Northern Hemisphere. This study shows
clearly the formation of the reversed two-cell convection
patterns in both the Northern and Southern Hemispheres for
nearly 2 hours following the northward turning of the IMF in
association with the leading edge of the ICME. As demon-
strated by Deng et al. [2009], the reverse plasma convection
during this event was strong enough and lasted long enough
to alter thermospheric neutral winds owing to ion drag forces
on neutral gases.

2. Observations and Modeling Results

2.1.

[6] Figure 2 shows the solar wind and geophysical con-
ditions from 16:00 UT on 9 November 2004 to 02:00 UT on

Solar Wind and Geophysical Conditions
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Figure 2. Solar wind and geophysical parameters for the
period from 16:00 UT on 9 November to 02:00 UT on 10
November 2004: (a) the solar wind bulk speed; (b) the solar
wind dynamic pressure; (c) the IMF B,, B,, and 5. compo-
nents in GSM coordinates; (d) the IMF clock angle; (e) the
Dst index in solid line and the solar wind dynamic pressure
corrected Dst (Dst*) in dashed line; (f) the AE index in solid
line and the reversed AL (i.e., —AL) index in dashed line;
and (g) the cross-polar-cap potential drops in the Northern
Hemisphere (solid) and Southern (dashed) Hemisphere.
The blue and red dots in Figure 2g represent the potential
drops between the two reversed convection cells. A time
lag of 28 min has been applied to the solar wind and IMF
data from the ACE spacecraft. The horizontal dashed line
in Figure 2d corresponds to a clock angle of 28°.

10 November 2004. Figures 2a and 2b show the solar wind
bulk speed and dynamic pressure, respectively. An inter-
planetary shock (IPS) arrived at 18:49 UT when the solar
wind speed jumped from ~600 to more than 750 km/s.
Figure 2c¢ shows the IMF in GSM coordinates. The B,
component turned sharply northward at 20:46 UT on
9 November and remained northward until about 01:30 UT

A12237

on 10 November. During this time interval, the IMF B,
component was negative, a favorable condition for lobe
reconnection in the Northern Hemisphere [Crooker, 1992].
The interval between 18:49 and 21:00 UT was the sheath
region, where the background solar wind is compressed by
the fast-moving ICME from behind. Inside the sheath region,
the solar wind dynamic pressure was highly elevated, and
B, was mainly southward with a minimum value of about
—30 nT, while both B, and B, were fluctuating between
positive and negative values. Figure 2d shows the IMF clock
angle 6, which is defined as 6 = tan*I(IByI/BZ) . The hori-
zontal dashed line in Figure 2d corresponds to a clock angle
of 28°. Previous studies have shown that double-lobe
reconnection takes place when the IMF clock angle is less
than 10°. However, as we will show in section 2.3, reversed
two-cell convection has been observed in both the Northern
and Southern Hemispheres when the IMF clock angle is as
large as 28°. A plausible cause is discussed in section 3.

[7] The Dst index is a measure of geomagnetic activity at
low latitudes and is commonly used as a gauge of the ring
current intensification during geomagnetic storms. Other
currents also contribute to the Dst index, most importantly
the magnetopause current that produces northward or posi-
tive magnetic perturbations on the surface of the Earth at low
latitudes. Figure 2e shows the Dst index for the interval.
Note that the Dst index used in this study is obtained from a
worldwide network of 52 stations located below [40°]
magnetic latitude (MLAT) and has a time cadence of 1 min.
The arrival of the IPS prompted a sudden rise or positive
excursion in the Dst index at 18:49 UT associated with the
enhanced solar wind dynamic pressure and thus enhanced
magnetopause current. To remove the contribution of the
magnetopause current, we apply the formula of Burton et al.

[1975], for example, Dst* = Dst — 16y/P + 20, where P is
the solar wind dynamic pressure in nanopascal. The solar
wind dynamic pressure corrected Dst (or Dst*) is shown as
the dashed line in Figure 2e.

[8] As the solar wind and IMF measurements were made
by the ACE spacecraft located at about (242, 22, and —15)
Rg in GSE coordinates, a time shift of 28 min has to be
applied to the ACE data plotted in Figure 2 to account for the
solar wind propagation from its upstream location to the
magnetosphere. This time shift is estimated by applying
the Burton formula to eliminate the positive excursion in
Dst associated with the enhanced magnetopause current
induced by the solar wind pressure impulse. As the ACE
plasma data are in a 64 s time resolution, and the multi-
station derived Dst is in a 1 min resolution, the estimated
solar wind propagation time based on the Ds¢* profile thus
yields an accuracy of approximately 1 min. For compari-
son, the convectional x-distance propagation method cal-
culates the lag time from ¢ = (L, — L)/V,. Taking the ACE
distance L, at 242 Rp, the dayside magnetopause location
Ly at 10 Rg, and an average speed V. of 780 km/s for the
fast solar wind stream, one obtains a lag time of approxi-
mately 32 min. Additional time of 2-3 min is often added
to account for the slowdown of the solar wind in the
magnetosheath. This leads to a total lag time of 34—35 min.

[s] The auroral electrojet (AE) index (solid line) and the
reversed AL (or —AL) value (dashed line) are shown in
Figure 2f. These indices are also at a 1 min cadence, derived
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from the north-south component of ground magnetic

North South perturbations at 80 stations located between I5§°| and

2004 Now 09 Fia 2004 Nov09 Fia I76°.I MLATs in the Northern and Southern.Hemlspheres.
19:14:54UT 12 lonDrit  20:02:58UT 12 on Drift During the interval of southward IMF, the maximum value of
AE reached 3000 nT during the sheath interval. After B,
turned northward, AE dropped mostly below 1000 nT.
Although the AE value was still higher than the normal
quiet geomagnetic condition, it remained relatively steady
throughout the northward B, (NBZ) interval except a few
excursions in association with the solar wind dynamic
pressure enhancements. The AL index remained at a nearly

... n
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| 1500 m/s B 1500 m/s constant value of 400 nT during northward IMF.
2004 Nov 09— b TN . [10] Figure 2g shows the cross-polar-cap potential drops
20:55:38UT = lon Drift 21:44:10UT . lon Drift . . . .
(b) (h) in the Northern Hemisphere (solid line) and Southern

Hemisphere (dashed line), respectively. The cross-polar-cap
o potential drop is defined as the difference between the
."‘-\\‘:i\\\\\\\‘ maximum and minimum potentials over the entire polar
| \\\\\\\\\ 06 region as derived using the assimilative mapping of iono-
m“\\r " ‘\\\" \ spheric electrodynamics (AMIE) procedure [Richmond and

Kamide, 1988] (see section 2.3 for more details). The
1500 s oty cross-polar-cap potential drop was about 200-300 kV in
S004Noves F15  2004Nov0s F15 both the hemispheres during the period of the sheath
21:08:22UT 12 lonDrift  21:56:26UT 12 lon Drift encounter when the IMF B, component was strongly
southward and reduced to approximately 100 kV after B,
turned northward. Overlaid on the cross-polar-cap potential
drops are the potential drop between the two reverse-
convection cells, with the blue dots representing the reverse
potential drop in the Northern Hemisphere and the red dots
representing the reserve potential drop in the Southern
Hemisphere. During the interval of strongly NBZ between
21:20 and 23:10 UT, reverse convection dominated the
overall ionospheric convection configuration, so that the
reverse potential drop becomes nearly the same as the total
cross-polar-cap potential drop.
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2.2. DMSP Observations

[11] The DMSP spacecraft is in the Sun-synchronous
near-polar orbit at an altitude of approximately 840 km. The
spacecraft has an orbital period of 101 min, and it takes
1500 /e about 15-20 min, depending on the satellite trajectory to
2004Nov09 F15  2004Nov09 F15 cross the polar region above [50°I MLAT. The ion drift data
22:49:020T 12 lonDrift  23:37:18UT__ 12 lon Drift used in this study were obtained by the ion drift meter,

k) which is part of the Special Sensor for Ions and Electrons

[Heelis and Hairston, 1990]. More detailed information on

the analysis techniques for the DMSP ion drift data can be

06 found in Hairston and Heelis [1993]. Figure 3 shows the
cross-track ion drifts measured by the different DMSP
spacecraft, for example, F13, F15, and F16. In each panel,
the arrow indicates the travel direction of the spacecraft, and
_ 1500 m/s " 1500m/s the marked UT corresponds to the time when the spacecraft
A oaur 12 on D aUT 12 ton b1t was closest to the magnetic pole in the respective hemi-
) S 0} sphere. The left column is for the Northern Hemisphere
passes, and the right column for the Southern Hemisphere

06 18

Figure 3. Cross-track ion drifts measured by the DMSP
spacecraft: (a—f) the northern hemispheric passes and (g—1)

7 o
by

‘ the southern hemispheric passes. Note that the northern
\\\ \\\\\ and southern passes were not simultaneous, and the marked
N UT in each panel corresponds to the time when the space-

craft was closest to the magnetic pole in the respective hemi-
sphere. The arrows indicate the travel direction of the
spacecraft.
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passes. Note that the cross-track ion drifts are plotted in
MLAT versus magnetic local time, and the Northern and
Southern Hemisphere passes are at different UT times as
indicated in each panel. Prior to the IMF B, northward
turning, as shown in Figures 3a and 3g, DMSP F13
observed antisunward convection over the polar cap and
sunward convection at lower latitudes in both the hemi-
spheres. Shortly after the B, northward turning at 20:46 UT,
F13 passed the Northern Hemisphere again (Figure 3b),
measuring weak sunward flows on the dawnside of the polar
region from 76° to 80° MLAT where flows were antisun-
ward during the previous polar passing (Figure 3a). Even
stronger sunward flows were observed in the southern polar
region, as shown in Figure 3h, where the sunward flow
speed exceeded 1000 m/s. Sunward convection was
observed during all subsequent DMSP polar passes in both
the hemispheres until about 01:18 UT on the next day of 10
November. However, as discussed in section 2.3, sunward
convection does not necessarily constitute the formation of
the reversed two-cell convection configuration.

[12] Along with the changes in plasma convection fol-
lowing the B, northward turning, the corresponding plasma
characteristics also underwent significant alterations. The
Special Sensor Precipitating Electron and Ion Spectrometer
(SSJ/4) particle detector on board the DMSP spacecraft
measures precipitating electron and ions from 32 eV to
30 keV in 19 logarithmically spaced energy channels
[Hardy et al., 1984]. On the basis of the electron and ion
energy spectra, the different plasma regimes can be identi-
fied. In this article, we follow the criteria similar to those
proposed by Newell and colleagues [e.g., Newell and Meng,
1992; Newell et al., 1991]. Polar rain consists of electrons up
to a few hundred electron volts. The cusp is identified by its
enhanced ion energy flux, which typically exhibits a dis-
tinctive energy dispersion feature. The boundary plasma
sheet (BPS) maps to the high-latitude plasma sheet boundary
layer and is associated with discrete aurora produced by
accelerated precipitating electrons with energies greater than
1 keV. The central plasma sheet (CPS), on the other hand,
is commonly associated with diffuse aurora. The main dif-
ference between the CPS and BPS is that the precipitating
electrons tend to be more structured in the BPS than in the
CPS.

[13] Figure 4 displays the energy-time spectrograms from
the two consecutive southern passes by F15 before and after
the B, northward turning. Also plotted are the cross-track ion
drifts in Figure 4a, and magnetic field perturbations along
(blue curve) and perpendicular (black curve) to the satellite
trajectory in Figure 4b. Sunward ion drifts are represented by
positive values and antisunward ion drifts by negative
values. For magnetic field perturbations, positive values
represent the components along and to the right of the sat-
ellite trajectory, respectively. The red curve in Figure 4b is
field-aligned current (FAC) density derived from the gradi-
ent of the perpendicular magnetic field perturbation, with
positive values for currents flowing into the ionosphere
(downward) and negative values for currents flowing out of
the ionosphere (upward).

[14] Prior to the B, northward turning (Figure 4a), F15
encountered the CPS followed by a narrow cusp region in
the prenoon sector as manifested by intense precipitating
ions. The spacecraft then crossed a broad zone of polar rain
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filled with low-energy (a few hundred electron volts) pre-
cipitating electrons. Finally, the spacecraft entered the BPS
on the nightside. The intense ion precipitation in the cusp
was embedded in a region of downward FAC as indicated by
the red curve in the second panel. Over the polar cap, ion
drift was antisunward, and there were almost no FACs
flowing into or out of the polar cap. It should be noted that
the sharp drop in ion energy flux below 1 keV in the DMSP
F15 ion energy-time spectrogram is caused by a loss of
sensitivity in the 30 eV—1 keV channels due to degradation.

[15] After B, turned northward (Figure 4b), ion drift
became strongly sunward near the central polar region. The
F15 spacecraft observed an extended region of the BPS
plasma characteristics on the dayside. Poleward of the BPS
was the cusp with intense precipitating ions. Note that the
cusp had moved from —62° MLAT during the previous
polar crossing shown in Figure 4a when the IMF was
southward, to about —89° MLAT at the poleward edge of
the sunward convection zone. The precipitating ions exhib-
ited a V-shaped structure as the spacecraft was traversing the
cusp on the dawnside and moving toward the south magnetic
pole. Previous studies [e.g., Reiff et al., 1980; Burch et al.,
1980] have found the V-shaped cusp signature to be pre-
dominantly associated with northward IMF and attributed
this peculiar feature to cross-field diffusion that causes par-
ticles with larger perpendicular energies to scatter further
away from the injection field line [Reiff et al., 1977]. 1t is
also worthwhile noting that the electrons in the vicinity of
the cusp are very similar to the BPS electrons whose energy
is higher than the normal cusp electrons under southward
IMF as shown in Figure 4a, which implies that these elec-
trons are not directly injected from the solar wind. One may
take this as an evidence that the cusp shown in Figure 4b
was a result of reconnection between the IMF and the
closed plasma sheet field lines, as postulated in section 1.
The V-shaped cusp also corresponds to downward FAC. As
shown later in Figure 7d, the cusp feature observed by F15
coincides with the bright auroral emission near the south
magnetic pole by the scanning auroral imager on board the
DMSP F16 spacecraft.

[16] The strong sunward convection zone on the dayside
resided partly within the BPS and partly in the cusp. On the
nightside, the spacecraft encountered the BPS and CPS
below about —67° MLAT. Between the dayside cusp
and the nightside BPS was a region filled with the BPS-
type precipitating electrons of a few keV except that the
electron number flux was much smaller compared to the
normal BPS. Also different from the normal BPS was
the lack of significant precipitating ions. An auroral arc was
clearly visible within this region. To distinguish it from the
normal BPS, we shall call this region the northward B,
boundary layer (NBZBL). Similarly complex plasma fea-
tures have been reported by Eriksson et al. [2006] during a
transpolar auroral arc event associated with strongly north-
ward IMF, which they interpreted as a region of the BPS/
low-latitude boundary layer mixed with polar rain. The
automated DMSP plasma boundary identification tool
(http://sd-www jhuapl.edu/Aurora/spectrogram/index.html)
would mark a large portion of the region as the BPS and
would consider it primarily a closed field line region [e.g.,
Newell et al., 1997]. Others, on the other hand, have classi-
fied this region as the open polar cap [e.g., Provan et al.,
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Figure 4. DMSP F15 observations during two consecutive southern passes: (a) from 20:06 to 20:30 UT
and (b) from 21:48 to 22:09 UT. The first panel shows the cross-track ion drifts, with positive value for
sunward flow and negative value for antisunward flow. The second panel shows the cross-track (black)
and along-track (blue) magnetic field components, along with FAC (red) derived from the gradient of
the cross-track component of magnetic field perturbations. The third and fourth panels are the energy-time
spectrograms of electrons and ions, respectively. The vertical dashed lines demarcate the different plasma

regimes.

2005]. Whether this region is open or closed is not crucial by
itself, but we will discuss its implication on the solar wind-
magnetosphere coupling process later in section 3.

2.3. Global Ionospheric Response

[17] To study the global ionospheric response to the
strongly northward IMF conditions, we have used the AMIE
procedure to derive the ionospheric convection patterns in
both the Northern and Southern Hemispheres simulta-
neously. For this event, the data input to AMIE includes
magnetic perturbations from 189 ground magnetometers
worldwide, auroral precipitating electrons measured by three
DMSP (e.g., F13, F15, and F16) and three NOAA (e.g.,
NOAA 15, 16, and 17) satellites, auroral images from the
Global Ultraviolet Imager (GUVI) on the Thermosphere

Ionosphere Mesosphere Energetics and Dynamics (TIMED)
spacecraft [Christensen et al., 2003] and the Special Sensor
Ultraviolet Spectrographic Imager (SSUSI) on board the
DMSP F16 spacecraft [Paxton et al., 2002], together with
ion drift measurements from the DMSP spacecraft and the
SuperDARN, which had eight radars operating in the
Northern Hemisphere and five in the Southern Hemisphere
at that time. The AMIE procedure is an optimally con-
strained, weighted least squares fit of coefficients to obser-
vations. It first modifies statistical conductance models [e.g.,
Fuller-Rowell and Evans, 1987] by incorporating the DMSP
and NOAA particle data and the GUVI and SSUSI aurora
images. More detailed information on auroral conductance
modification is given by Richmond and Kamide [1988].
After the modified distributions of Pedersen and Hall
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Figure 5. Consecutive ionospheric convection patterns from 20:40 to 23:50 UT in the Northern Hemi-
sphere, with a contour interval of 10 kV. The positive and negative values below each pattern correspond
to the electric potentials in the locations marked by the “+” and “—” signs, which are not necessarily the

maximum and minimum potentials.

conductances are derived, then in a second step, the proce-
dure obtains ionospheric convection, currents, and other
related electrodynamic parameters by fitting simultaneously
to measurements of ion drift and magnetic perturbations on
ground and in space. A priori statistical electric potential
model is often used to provide a first-order estimation in
regions where no measurements otherwise exist. In this case,
we use the statistical model based on the Millstone Hill radar
measurements [e.g., Foster et al., 1986], and the same
background model is applied to the AMIE patterns for both
the hemispheres. This model is essentially a normal two-cell
convection pattern regardless of the IMF orientation, and
its cross-polar-cap potential drop is parameterized based
on the hemispheric power index [Fuller-Rowell and Evans,
1987]. More detailed information on the AMIE procedure,

including data ingestion and validation, can also be found
in Lu et al. [1996, 2001].

[18] Figures 5 and 6 show a series of consecutive
ionospheric convection patterns from 20:40 to 23:50 UT
on 9 November in the Northern and Southern Hemi-
spheres, respectively. After the B, northward turning at
20:46 UT, the convection patterns started to change from
the original two-cell configuration. By 21:20 UT, a pair of
reverse-convection cells had developed in the polar regions
of both the hemispheres. The reversed two-cell convection
configuration lasted until 23:10 UT when the magnitudes of
both B, and B, started to decrease and the magnitude of the
IMF B,, component started to increase. From 23:20 UT and
onward, the alignment of the two main convection cells had
rotated roughly 90° counter clockwise in the Northern

7 of 18



A12237

A

LU ET AL.: DUAL REVERSE CONVECTION

A12237

N

'Wﬁ

Mi:-112
22:

TSN
o)
REANNIR

:’/--\\"\\

Figure 6. Same as Figure 5 but in the Southern Hemisphere.

Hemisphere and about 90° clockwise in the Southern
Hemisphere, an indication of the IMF B, effect. However,
plasma flows near both magnetic poles remained mostly
sunward as continually observed by the DMSP spacecraft
(e.g., Figures 3k and 3f). Figures 5 and 6 show clearly the
formation of large-scale reversed two-cell convection in
both the Northern and Southern Hemispheres that lasted
for nearly 2 hours.

[19] Figure 7 examines the distributions of various iono-
spheric fields at 22:05 UT in the Southern Hemisphere. The
top row displays the AMIE patterns of plasma convection,
FACs, and Poynting flux, along with auroral emissions at
the Lyman-Birge-Hopfield short filter (LBHS) from the
SSUSI instrument [Paxton et al., 2002]. A pair of FACs are
easily discernible near the central polar cap in Figure 7b,
which are closely associated with the reverse-convection
cells, with upward current (in blue) in the region of clock-
wise plasma convection (dashed contours) and downward

current (in red) in the region of counter clockwise convec-
tion (solid contours). Because they often form under NBZ
conditions, this pair of FACs has been denoted as the NBZ
currents [lijima et al., 1984]. At lower latitudes, FACs pos-
sess many small-scale structures, making the identification
of region 1 and 2 currents rather difficult. Figure 7c shows
the distribution of downward Poynting flux derived from
AMIE. It is worth pointing out that the large downward
Poynting flux is seen surrounding rather than at the center of
the upward NBZ current.

[20] The F16 SSUSI instrument measures auroral emis-
sions at five different wavelength bands. Figure 7d is a
scanning image at the LBHS band of 140-150 nm, which is
produced by excited N, through collisions with energetic
electrons and ions. The image was taken over the period
from 21:50 to 22:14 UT when F16 was traversing the
Southern Hemisphere. Figure 7d shows auroral emissions at
lower latitudes, along with two faint auroral arcs near the
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Figure 7. Distributions of (a) plasma convection, (b) FACs, (c) the Poynting flux, (d) auroral image by
the F16 SSUSI instrument, and (e) measurements from DMSP F16 in the Southern Hemisphere around
22:05 UT. Note that downward FAC and Poynting flux are shown as positive values. The horizontal bars

on the bottom indicate polar rain precipitation.

central polar region in the Southern Hemisphere. The most
notable feature, however, is the relatively bright emission
near the south magnetic pole. Because of its limited viewing
angle, SSUSI was unable to reveal the spatial extent of this
bright emission toward the dayside. Unfortunately, no global
auroral images were available during this northward IMF
interval to complement the SSUSI observations. This bright
aurora appears to coincide with the enhanced downward
Poynting flux at the central polar region. The energy flux
associated with the bright emissions is estimated (based
on the algorlsm of Zhang and Paxton [2008]) to be about
23 mW/m?, whereas the Poynting flux in the same region
peaks at 101 mW/m?. The majority of the Poynting flux
from the magnetosphere is converted to Joule heating, and a
small fraction goes to the acceleration of neutral winds [e.g.,
Thayer et al., 1995; Lu et al., 1995]. Note that the Poynting
flux has a minimum value of —3.4 mW/m?, which corre-
sponds to the upward Poynting flux adjacent to the peak of
downward Poynting flux. Physically, upward Poynting flux
can be generated by the neutral wind dynamo in regions
where neutral winds are in the different direction than ion
drifts [e.g., Lu et al., 1995]. As the AMIE procedure neglects

neutral winds, the negative Poynting flux value is likely due
to either a small baseline offset in the estimated magnetic
field perturbations by AMIE or the “fringing field” effect
associated with the 3-D ionospheric currents [Richmond,
2010].

[21] Also shown in Figure 7 are several measurements
made by the DMSP F16 spacecraft, including the cross-track
ion drift, the magnetic field perturbations as well as FACs
derived from the gradient of the magnetic field component
perpendicular to the satellite trajectory, and the energy-time
spectrograms of precipitating electrons and ions. Similar to
the F15 measurements shown in Figure 4b, the polar region
was filled with discrete electron precipitation but very little
ion precipitation (except in the vicinity of auroral arcs). In
addition, intermittent polar rain precipitation can be seen in
narrow zones (indicated by the horizontal bars on the bot-
tom) around 21:57 and 21:59 UT, respectively. Again, we
denote this region as the NBZBL. As illustrated in Figure 7b,
the two DMSP spacecraft, F15 and F16, straddled the
upward NBZ current rather than directly passing through it.

[22] Figure 8 shows the selected ionospheric patterns at
22:55 UT when the DMSP spacecraft passed over the
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Figure 8. Same as Figure 7 but for the Northern Hemisphere at around 22:55 UT.

Northern Hemisphere. Similar to the southern hemispheric
patterns shown in Figure 7, the reversed two-cell convection
dominates the northern polar region. A pair of NBZ currents
is also apparent but located further toward the dayside
compared to that in the Southern Hemisphere. The two
DMSP spacecraft passed over the northern polar region just
tailward of the main NBZ currents, consistent with the fact
that the FACs inferred from the DMSP magnetic field
measurements were rather small. Two faint auroral arcs were
captured by SSUSI. Both were located on the nightside of
the dawn-dusk meridian, so that only one of the arcs was
encountered by the in situ particle detector on the DMSP
F16 spacecraft. The in situ particle detector, on the other
hand, indicates at least three more arcs existing between
these two main arcs, but they are too faint to show up in the
SSUSI image. The time-energy spectrogram shown in
Figure 8e is also very similar to Figure 7e, with the NBZBL
occupying the polar region and the CPS and BPS at lower
latitudes. However, no polar rain-type precipitation was
discernable within the NBZBL during this pass.

[23] To assess the quality of the AMIE fitting, Figures 9
and 10 show the comparison of several key parameters
inferred from the DMSP measurements with those derived
from the AMIE procedure. In each figure, the along-track
E-field is shown in the first panel, the cross-track magnetic

field perturbation is shown in the second panel, FACs are
shown in the third panel, and the Poynting flux is shown in
the fourth panel. A comparison with the F15 data is shown
in the left column, and a comparison with the F16 data is
shown in the right column. Note that the DMSP data (solid
lines) have been averaged into roughly a 100 km spatial
resolution to be commensurate with the spatial scale of the
AMIE fitting (dashed lines). The normalized root-mean-
square (RMS) error and the correlation coefficient are also
shown in each panel to serve as a quantitative measure of
the AMIE fitting. The normalized RMS error is defined as

\/ (Opmisp — Oamie)” / \/(Obwusp)» Where O represents a

given parameter and () symbolizes its mean value. In
general, the along-track E-field component and the cross-
track magnetic field perturbation yield the largest correla-
tion coefficients and the smallest RMS errors, which is not
surprising as they are part of the data inputs to AMIE. The
two derived parameters, e.g., FAC and the Poynting flux,
exhibit slightly smaller correlation coefficients and larger
RMS errors, but the AMIE-derived values show a good
agreement with the DMSP observations in terms of the
overall morphology such as the large-scale downward and
upward currents as well as the double humps of the
Poynting flux along the spacecraft trajectories.
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Figure 10. Same as Figure 9 but for the Northern Hemisphere at around 22:55 UT.
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Figure 11. (a and b) Simulated patterns of plasma convection and FAC density at 22:05 UT in the
Southern Hemisphere. (c and d) Simulated patterns of plasma convection and FAC density at 22:55 UT
in the Northern Hemisphere. Positive values represent downward FACs, and negative values represent
upward FACs. The “+” sign in Figure 11b marks roughly the edges of upward and downward NBZ

currents.

2.4. Global MHD Simulations

[24] To help understand the coupling process in the solar
wind-magnetosphere-ionosphere system during the event,
global MHD simulations have been carried out using the
OpenGGCM model [Raeder et al., 1998, 2001, 2008;
Raeder, 2003]. The model solves the resistive MHD equa-
tions on a nonuniform rectilinear grid, with a minimum grid
spacing at GSE y = 0 and z = 0 in the Y and Z directions and
at the subsolar magnetopause in the X direction. The smallest
grid size is approximately 0.12 Rg in the X direction and
0.25 Rg in the Y and Z directions, respectively. For this
study, the OpenGGCM is coupled to the Coupled Thermo-
sphere Ionosphere Model (CTIP) [Fuller-Rowell et al.,
1996] to obtained self-consistent ionospheric conductances.
Solar wind and IMF data from the ACE satellite are used to

drive the model. FACs are computed just outside a spherical
surface of 3.7 Ry centered at the Earth and mapped to
the low-altitude ionosphere using a dipole magnetic field.
Ionospheric electric potential is then calculated based on the
distribution of FACs along with ionospheric conductances
from the CTIP module. The simulation starts at 17:00 UT on
9 November 2001 until the end of the day. To start up the
simulation, constant solar wind and IMF values with a small
southward IMF B, are used in the first hour of the simula-
tion. After that, the model applies the ACE data for the rest
of the simulation, and the ACE data are propagated and
prepared to conserve V - B =0 as described in the study by
Raeder et al. [2001].

[25] Figure 11 displays the patterns of plasma convection
and FACs from the MHD simulations, which can be
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Figure 12. Magnetic field lines traced from the southern ionospheric footprints of the NBZ currents
shown in Figure 11b. The red field lines are associated with the downward NBZ current, and the green
field lines are for the upward NBZ current. The color image represents magnetospheric plasma density
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netosheath; the blue-violet (~5 cm ) region indicates the boundary layer with a mix of magnetosheath
and the magnetosphere plasma; and the dark (<~1 cm ) region corresponds to the inner magnetosphere,

the CPS, and the tail lobe.

compared with the AMIE patterns shown in Figures 7 and 8.
At 22:05 UT (Figures 11a and 11b), the simulations show
that the southern polar region is dominated by two reverse-
convection cells near the central polar region, which are very
similar to those shown in Figure 7a but with a smaller cross-
polar-cap potential drop of 59 kV compared to 97 kV in the
AMIE pattern. In the subauroral zone, convection becomes
much weaker as indicated by the coarser contour intervals,
with the clockwise plasma circulation from dusk to early
morning. The simulated FACs are shown in Figure 11b,
depicting many small-scale features compared to the classic
lijima-Potemra pattern [lijima and Potemra, 1978]. The
dominant feature is a pair of FACs near the central polar
region, which is again very similar to that shown in
Figure 7b. Figures 11c and 11d are the patterns of plasma
convection and FACs from the simulations at 22:55 UT in
the Northern Hemisphere. Again, these patterns show a good
qualitative agreement with the AMIE-derived patterns in
Figures 8a and 8b with regard to the large-scale morphology,
namely, both AMIE and the MHD simulations display the
same reversed two-cell convection, along with a pair of NBZ
currents occupying the central northern polar region. How-
ever, the simulated NBZ currents encompass a much bigger

portion of the polar region than the AMIE-derived NBZ
currents do. The potential drop between the two reverse-
convection cells is 99 kV, which is larger than the potential
drop of 83 kV in the AMIE pattern.

[26] Encouraged by the agreement in general morphology
between the simulations and the AMIE patterns, we further
explore the simulation results to understand where in the
magnetosphere the NBZ currents originate. For that purpose,
we map the pair of NBZ currents to the magnetosphere along
magnetic field lines. Figure 12 shows the field lines that are
connected to the upward leg (in green) and downward leg (in
red) of the NBZ currents, respectively. The footprints of
these field lines are marked by the “+” signs shown in
Figure 11b. The simulations reveal that the downward NBZ
currents (red lines) map to the closed field line regions in the
boundary layer and in the plasma sheet, whereas the upward
NBZ currents (green lines) are partly from the closed
boundary layer and are partly from the open tail lobe via the
overdraped field lines.

[27] To further elucidate how exactly the interaction
between the solar wind and magnetosphere leads to double-
lobe reconnection in both the Northern and Southern
Hemispheres, we again resort to the MHD simulations by
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Figure 13. Renderings of magnetic field lines viewed from (left) 14:30 LT and from (right) 20:30 LT at
selected UT times on 9 November 2004. The inserted dial plot indicates the corresponding IMF clock
angle. The different color lines represent the different field line topology, with the dark blue lines for solar
wind field lines, the magenta and green lines for open field lines, and the orange lines for closed field lines.
The blue sphere at the center denotes the inner boundary of the MHD solution at 3.7 Rp.
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following field lines from the solar wind as they convect into
the magnetosheath and reconnect with the magnetospheric
field. More specifically, we launch a large number of fluid
particles upstream of the magnetopause and follow them in
time. Assuming that the frozen-in condition holds, a field
line is connected to each of the fluid elements and convects
along with it. This is, in general, a good assumption as long
as the fluid element itself does not cross the reconnection
diffusion region. For the fluid particles considered here, this
is always the case because the fluid particles move close to
the equatorial plane, whereas reconnection occurs at high
latitudes. As a fluid particle is being traced in time, we
monitor if the topology of the associated field line changes,
in other words, if the field line reconnects. This is done by
tracing the field line from the fluid element in both directions
every few seconds and determining where its two ends are
located. There are only four distinct topologies possible,
namely, the field line is unconnected (solar wind type), it is
connected to the northern or southern polar cap with the
other end in the solar wind (open type), or it is connected to
both polar caps (closed type). Any change in the type of the
field line signifies that it has undergone reconnection
because the fluid element has crossed a magnetic separator.

[28] Most of the solar wind field lines traced never
reconnect with the magnetospheric field lines, and they
simply drape over the magnetosphere and convect past it
with the magnetosheath flow. However, a small subset of
solar wind field lines will undergo reconnection. We disre-
gard the field lines that never reconnect and only follow
those that do. The total number of field lines traced is
adjusted, so that only a few dozen are shown to make effi-
cient visualization possible and to exhibit the essence of the
process.

[20] Figure 13 shows renderings of those field lines
at different times and from different perspectives. The
left column corresponds to a view angle at 14:30 LT,
whereas the right column corresponds to a viewing angle
at 20:30 LT. The inserted dial plot shows the corre-
sponding IMF clock angle. The color of the field lines
indicates their topology. Solar wind—type field lines are in
dark blue, closed field lines are in orange, and open field
lines are in magenta for those rooted in the northern
polar cap or in green for those rooted in the Southern
Hemisphere. The blue sphere at the center denotes the
inner boundary of the MHD solution at 3.7 Rg.

[30] At 21:17:40 UT (Figures 13a and 13b), solar wind
field lines are draping over the magnetosphere, but they have
not yet reconnected with geomagnetic field lines. One hun-
dred seconds later, at 21:19:20 UT (Figures 13c and 13d),
most of the solar wind field lines have undergone recon-
nection. There are open south (magenta) and open north
(green) field lines resulting from reconnection in either the
northern or southern polar cap, as well as closed field lines.
There is no preferred order in which the field lines reconnect,
as proposed in section 1. It appears to be rather random
whether reconnection first occurs in the Northern or Southern
Hemisphere. At21:19:50 UT (Figures 13e and 13f), virtually
all the solar field lines have reconnected, and most of them
have reconnected in both the hemispheres to form closed
field lines. Note that so far we have only traced one bundle of
field lines here, and no new field lines were introduced
between Figures 13a and 13b and Figures 13e and 13f.
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[31] InFigures 13g and 13h (21:23:40 UT), we introduce a
new set of solar wind field lines, but we keep tracing the
previous bundle of field lines as well. By now, these old
field lines have all undergone double-lobe reconnection and
have become closed. The new field lines are draped over the
magnetosphere but have not yet reconnected. At the next
snapshot at 21:26:30 UT (Figures 13i and 13j), the recon-
nection process is in progress. Some of the new field lines
have already reconnected twice and have become closed, but
some become open field lines as they have reconnected just
once. It is interesting to point out that while some of those
open field lines have formed by reconnection between geo-
magnetic field lines and solar wind field lines, others have
formed by reconnection between solar wind field lines and
field lines that had been previously closed. Although these
previously closed field lines are technically also geomag-
netic field lines, they are all situated very close to the mag-
netopause because they have not yet had time to convect
deeper into the magnetosphere. In Figures 13k and 131
(21:28:30 UT), this becomes even clearer. There are sev-
eral field lines that look like the closed (orange) field lines,
but they have already been detached by reconnection near
one of the cusps. When these field lines reconnect at the
other cusp too, they will be completely detached and become
of solar wind—type again. There are several of such field
lines in Figures 13k and 131, distinguished by their dark blue
color. One can also find more detailed information about the
behaviors of magnetic field lines involved in cusp recon-
nection in the MHD study by Li ef al. [2008 and references
therein].

3. Summary and Discussion

[32] Although sunward or reverse convection has been
observed and studied by numerous researchers, this article is
among the first to report the formation of reversed two-cell
convection in the Northern and Southern Hemispheres
simultaneously that lasted for nearly 2 hours after the IMF
turned strongly northward. As postulated by the overdraped
lobe model, the combination of seasonal effect (which favors
the Southern Hemisphere) and the IMF B, effect (which
favors the Northern Hemisphere) may have constituted a
necessary circumstance under which reverse convection can
take place in both the hemispheres.

[33] The plasma characteristics observed by the DMSP
spacecraft indicate that the reverse plasma flows originate
in the region where precipitating electrons resemble those
of the BPS but with smaller number flux, and the pre-
cipitating ions are too weak to be detectable by the DMSP
spacecraft. To distinguish it from the normal BPS, we
have named the region as the NBZBL. The MHD simu-
lations shown in Figure 13 imply that the region consists
of both open and closed field lines. When an originally
closed plasma sheet field line reconnects with the IMF to
form an overdraped field line, part of the plasma sheet
electrons along the flux tube are lost in the process,
causing reduced electron number flux along the newly
opened field line. If the overdraped field line reconnects
soon enough in the opposite hemisphere and becomes
closed again, the remnant plasma sheet electrons within
the flux tube are retained. The plasma sheet ions, on the
other hand, are mostly lost partly to the reconnection
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Figure 14. Scatterplots of reverse potential drops found for
9 November 2004 versus the three different coupling func-
tions (i.e., Egw, Egrc, and VB.). The red dots represent reverse
potential drops in the Southern Hemisphere, and the blue
dots for reverse potential drops in the Northern Hemisphere.
The red and blue dashed lines are the average reverse poten-
tial drops in the two hemispheres.

process and partly to the cross-field scatter because of
their much larger gyroradius compared to electrons. For
those overdraped field lines that never reconnect in the
opposite hemisphere, the plasma sheet electrons are even-
tually all lost to the solar wind along the open field lines
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as they are dragged tailward by the solar wind. Therefore,
it is our interpretation that the NBZBL is a consequence of
the double-lobe reconnection.

[34] The mix of open and closed field lines in the NBZBL
as shown in the simulations makes the identification of
plasma source regions difficult. Whether the NBZBL is open
or closed depends on the IMF orientation as well as the
seasonal effect associated with the dipole tilt that permit
double-lobe reconnection to occur in both the hemispheres.
This also explains why previous studies have found the
origin of precipitating particles associated with reverse
convection to be of plasma sheet proper at some times but
magnetosheath-like at other times [Newell et al., 1997,
Eriksson et al., 2006]. A recent article by Zhang et al. [2009]
shows a case study in which the polar ionosphere evolved
from an open polar cap, with almost no precipitation of any
energetic particles, to a region filled with discrete auroral
arcs several hours after the IMF turned from southward to
strongly northward, which the authors interpreted as evi-
dence of the disappearance of the polar cap resulting from a
fully closed magnetosphere.

[35] Double-lobe reconnection often takes place when the
IMF clock angle is less than 10° [e.g., Imber et al., 2006;
Provan et al, 2005]. The overdraped lobe model also
expects double-lobe reconnection most likely to occur when
the IMF B, component is very small. Our study, however,
shows that the reversed two-cell convection patterns were
formed when the IMF clock was less than 28°. Furthermore,
sunward flows were observed by the DMSP spacecraft in
both the hemispheres even when the IMF clock angle was as
large as 50°. The fact that the reversed two-cell convection
was observed for such large clock angles may be attributed
to the unusually large B, value, which was around 3540 nT.
In addition, the solar wind dynamic pressure was more than
10 nPa, roughly five times its nominal value. Enhanced solar
wind dynamic pressure is known to increase the reconnec-
tion rate [e.g., Siscoe et al., 2002].

[36] There have been ample observations showing satu-
ration of the cross-polar-cap potential drop under strongly
southward IMF [Russell et al., 2001; Shepherd et al., 2003;
Hairston et al., 2003, 2005]. Recent studies revealed that
the potential drop across the two reverse-convection cells
saturates as well under strongly northward IMF conditions.
On the basis of the observations from the SuperDARN,
Wilder et al. [2009] derived a coupling function for the
electric field associated with reverse convection under
northward IMF, Egc = VBrcos*d, where V is the solar

\/B} + B2, and ¢ is the IMF clock angle.

By analyzing the DMSP polar passes from the period 1996
to 2002, Sundberg et al. [2009] obtained a similar coupling
function but without the IMF clock angle dependency:
Esw = VB7. Both studies found that the reverse-convection
potential saturates with increasing northward IMF, and the
saturation potential is approximately 20 kV based on
SuperDARN and about 60 kV based on DMSP. A statisti-
cal study of the DE 2 satellite data by Taguchi and
Hoffman [1995] also depicted a clear trend of saturation
in reverse-convection potential, with a saturation potential
value around 70 kV. To place our case in the context of the
previous studies, Figure 14 shows the scatterplots of the

wind speed, By =
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reverse-convection potential drops found on 9 November
2004 versus three types of coupling functions, that is, Egy,
Erc, and VB.. Note that the range of the various coupling
functions plotted here is far beyond their respective
threshold values for nonlinear effects found by previous
studies, namely, Egy > 6 mV/m and Egc > 20 kV/Rg (or
~3 mV/m). A couple of important features can be drawn
from the scatterplots: (1) There is no clear dependence of the
reverse potential drop on any of the coupling functions, an
indication that the reverse potential drop is well into the
presumed saturation zone; (2) the reverse potential drop
exceeds 100 kV in both the hemispheres, substantially larger
than any previous reported values; and (3) on average, the
reverse potential is larger in the Southern (Summer) Hemi-
sphere than in the Northern (Winter) Hemisphere, consistent
with the previous findings that reverse convection occurs
preferentially in the Summer Hemisphere.
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