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Unsolved questions…… 

 
 

Why are the aurora in the cojugate  hemispheres 
asymmetric? 

 
 

Two topics: 
 

1.  Effects of IMF By 

2.  Transporal arcs 

If time: 
 

3. Effects of IMF Bx 
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IMF	  By/clock	  angle	  and	  asymmetric	  footpoints	  

Simultaneous	  UV	  aurora	  in	  two	  
hemispheres:	  	  
Asymmetric	  foot	  points	  controlled	  
by	  IMF	  Clock	  angle	  	  

Østgaard	  et	  al,	  JGR,	  2005	  

Østgaard	  et	  al,	  GRL,	  2012	  

6600	  substorm	  onsets	  by	  	  
IMAGE	  and	  Polar	  
(4671	  NH	  -‐1930	  SH)	  



IMF By ´penetration´:  Classical picture	  

Stenbaek-Nielsen and Otto, 1997	  

Result	  of	  reconnecUon,	  By	  is	  transported	  into	  closed	  hemisphere	  
 
Creates dBy/dx in the tail: 
 
Ampere´s law implies interhemispheric currents	  
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Revised explanation	  

Stenbaek-Nielsen and Otto, 1997	  

No	  interhemispheric	  currents	  

Only	  asymmetric	  currents	  
	  
Lobe	  pressure	  not	  reconnecUon	  	  
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Magnetospheric By is induced by IMF By	  

Asymmetric loading of flux and 
pressure in the lobes	  
	  
This pressure force affects closed 
field lines	  
	  
Result is an induced By	  
	  
Leads to asymmetric footpoints 
 
No need for reconnection, only	  
lobe pressure 
 
Response time of ~10 minutes 
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Magnetospheric By is induced by IMF By	  

LFM model shows induced By after 10 minutes: 
 
How lobe pressure is added on a half sphere 8 Re seen from sun 
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IMF	  By	  >0	  IMF	  By	  =0	  



Induced By and dynamics	  

Midtail: 17 Re 
 

•  Footpoints in banana and 
orange cell – dawn cells 

•  Lobe pressure force 

•  Tension force 

•  In ballance 

•  Finite region of induced By 
 
•  No dissipation and currents 

close locally 
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Induced By and dynamics	  

Near Earth: 6 Re 
 
 
•  Less/no lobe pressure 

•  Tension force 

•  Pressure from Earth 
(magnetic and particle) 

•  Same direction in north 

•  Opposite in south 

•  Stress released into north – 
up/down currents 

•  Flow in north faster than 
south – removes asymmetry 
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Summary – IMF By 

•  IMF By does not penetrate the magnetosphere 

•  By is induced by the asymmetric loading of lobe flux 

•  Midtail region: forces (tension and lobe pressure)  balance and 
current close locally 

•  Near Earth: tension and magnetic/particle pressure from Earth: 
By>0: same direction in north, opposite in south 

•  Alfven wave/magnetic stress released (up – down current) into 
north – weaker into south 

•  No interhemispheric current but asymmetric currents launched 
from plasma sheet 

•  Flow faster in north than south – restoring symmetric 
footpoints. 
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Questions – IMF By 

What is the time scale of this induction? 

How soon will we see: 

•  induced By 

•  asymmetric footpoints 

•  convection pattern (banana – orange cells) 

LFM model and our own results: 10 minutes 
 
Other papers: hours 
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Time scale of induced By 

Østgaard et al.., 2011 
 
Best ordering of delta MLT 
 
When SW propagated to – 10 Re 
 
Which is about 10 min after subsolar 
point 
 
 
Asymmetries established after 10 
min. 
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Time scale of induced By 
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D)

C)

B)

A)

E)

F)

South dawnward of North

South duskward of North

Østgaard et al.., 2011 
 
Two substorms  
 
SW propagated to – 10 Re 
which is about 10 min 
 
 
Delta-MLT follows the By 
 
Asymmetries established after 10 
min 
 
 

 
 
 



Time scale of induced By 

Motoba et al., 2010 
 
ACE - clock angle 
Cluster (X:-12,Y:-3) - By 
 
Correlation shows  
51-53 min before 
By is induced 
 
 
Auroral all-sky images 
Iceland – Antarctica 
 
shows delta-MLT consistent with this 
time delay 
 
 
Asymmetries established after 50 
minutes 
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observed at SC4, although there were enhancements in Vy.
Most of the observed fast earthward flows were followed by
enhancements in Bz and inclination angle, suggesting that
multiple dipolarizations occurred in the central near‐Earth
tail after the second auroral activation. The other satellites
also observed clear signatures of dipolarization, as
evidenced by the enhancements in both Bz and inclination
angle. In the present study, however, we did not include
the interval after the second auroral activation, because the
twilight condition over SYO made it difficult to identify the
conjugate auroral forms.
[13] As reported in many previous studies, a manifestation

of the IMF‐induced magnetotail twisting is believed to
appear mainly in the By component of the in situ tail field.
Thus, we focus here on the By component variations at
Cluster. Figure 3a displays time series of the By component
of the residual magnetic field (DBy, black lines) at each
Cluster satellite obtained by subtracting the modeled field
(T96 and IGRF) from the measured field, together with time
series of the time‐shifted IMF !CA data (gray lines). Each

time lag of the IMF !CA data was measured from the point in
time at which IMF reached the subsolar magnetopause. We
found that both DBy field and time‐shifted IMF !CA varia-
tions were correlated moderately well. For the time interval
from the first onset (0024 UT) to the second onset (0053 UT),
each correlation coefficient between the DBy field and IMF
!CA peaked when delaying the IMF !CA data by 52 ± 1 min:
0.61 (time shift: Dt = 53 min) at SC1, 0.56 (Dt = 53 min) at
SC2, 0.58 (Dt = 51 min) at SC3, and 0.57 (Dt = 51 min) at
SC4.
[14] Figures 3b and 3c show time series of the latitudinal

displacement (DLat) and the MLT displacement (DMLT) of
the northern footprint of SYO relative to TJO, respectively.
Both relative displacements (gray solid circles) of the TJO‐
SYO conjugate points were determined based on a comparison
between the conjugate TJO‐SYO auroral forms at 14 selected
times (for details see section 3.2 of paper 1). Here positive
(negative) DLat. means that the northern footprint of SYO is
poleward (equatorward) of TJO, while positive (negative)
DMLT means that the northern footprint of SYO is westward
(eastward) of TJO.
[15] We found that the relative MLT displacement of the

TJO‐SYO conjugate points varied roughly coincident with the
DBy variations in the magnetotail field at Cluster; the northern
footprint of SYO tended to be eastward (westward) of TJO
whenDBywas negative (zero or slightly positive). The red line
in Figure 3c denotes the relative MLT displacement of the
conjugate points predicted through Østgaard et al.’s [2005]
empirical function (referred to as the “Østgaard function”).
As also described in section 2.1, our observational result was in
a reasonable agreement with the result obtained via the
Østgaard function when the inputted IMF !CA data were de-
layed by 51 min from the subsolar magnetopause. The time
shift of 51min applied to the IMF !CA data was consistent with
that obtained from the correlation with theDBy field at Cluster.
Similar to the Østgaard function, the dynamic relative latitu-
dinal and MLT displacements (blue lines) of the conjugate
points were calculated via the T96model, including the 51min
time‐shifted IMF parameters. The temporal variation of the
relative MLT displacement inferred from the T96 model
resembled that inferred from the Østgaard function, although
the magnitude of the Østgaard function was about 1.6 times as
large as that of the T96 model throughout the interval. The
maximum correlation coefficient between our observation and
the T96 model prediction for the relative MLT displacement
was 0.741. These results provide strong evidence that the rel-
ative MLT displacement of the TJO‐SYO conjugate points in
the nightside ionosphere was directly controlled by a twist
(dawn–dusk deformation) of the central near‐Earth tail field on
the longer time scale of 51 min. Here, it is also worth noting
that the DMLT variation in the nightside interhemispheric
ionosphere seems to be better correlated with the upstream
IMF !CA variation than the in situ DBy variation at Cluster.
This probably indicates that local effects in the in situ data
counterbalance closer proximity, such that the upstream data
provide a better overall correlation.
[16] In contrast to the relative MLT displacement men-

tioned above, the T96 model (blue line) significantly under-
estimated the latitudinal displacement of the conjugate points
identified by the conjugate auroral observations, as seen in
Figure 3b. Especially, the observational result showed a large
latitudinal displacement (∼3.0°) of the conjugate points during

Figure 3. (a) By components (DBy, black) of residual mag-
netic field at four Cluster spacecraft, together with time‐shifted
IMF !CA (gray). Each maximum correlation coefficient (Max
CC) between DBy and IMF !CA and its corresponding time
shift (Dt) are shown at the upper right. (b) Latitudinal and
(c) MLT displacements of the northern footprint of SYO rela-
tive to TJO deduced from conjugate auroral images. Red and
blue lines represent relative displacements of TJO‐SYO conju-
gate points inferred from Østgaard et al.’s [2005] function
(Østgaard05) and those from the T96 model using the time‐
shifted (51 min) IMF values, respectively.
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(open circles) to 0100 UT (solid circles) on 21 September
2009, in the geocentric solar magnetospheric (GSM) XZ
(panel a) and XY planes (panel b), together with the corre-
sponding ionospheric footprints at an altitude of 110 km in the
Northern Hemisphere (panel c). The black and gray star
symbols on the northern map are the TJO site and the northern
footprint of SYO calculated by the International Geomagnetic
Reference Field (IGRF) model, respectively. The ASC FOV
at TJO is also indicated by a thick black circle. The Cluster
footprints shown in Figure 1c were calculated by the Tsyga-
nenko 96 (hereafter referred to as T96) magnetic field model
[Tsyganenko, 1995]. In Figures 1a and 1b, the T96 model
magnetic field lines for reference are traced from the four
Cluster positions at the auroral breakup onset (0024 UT). In
the initial stage of the substorm, the SC2 footprint passed
closest to TJO, while the SC1, SC3, and SC4 footprints pro-
gressed around the eastward edge of the ASC FOV at TJO. In

the late stage, the SC2 footprint moved to the westward edge
of the ASC FOV, while the SC1, SC3, and SC4 footprints
approached TJO.
[8] Figure 2 shows an overview of the Cluster observa-

tions for the 1.5 h interval of 2330 UT on 20 September
2009 to 0100 UT on 21 September 2009. Figure 2a shows

Figure 1. Locations of four Cluster spacecraft in the (a) XZ
GSM plane and (b) XY GSM plane, for the interval from
0024 UT (open circles) to 0100 UT (solid circles) on
21 September 2009. For reference, T96 magnetic field lines
traced from the four Cluster positions at 0024 UT to both
ionospheres are indicated by colored solid lines. (c) Cluster
footprints mapped onto the Northern Hemisphere. TJO
(black star) and the northern footprint of SYO (gray star)
calculated by the IGRF model are shown, together with
the FOV (large open black circle) of the ASC at TJO. The
solid lines indicate lines of constant geomagnetic latitude
in altitude adjusted corrected geomagnetic (AACGM) coor-
dinates. Magnetic midnight meridian at 0024 UT is also
shown by a thick dashed line.

Figure 2. Overview of Cluster observations in the near‐
Earth tail between 2330 UT on 20 September 2009 and
0100 UT on 21 September 2009. (a) Solar wind velocity
and dynamic pressure, additionally time delayed to account
for propagation to the subsolar magnetopause. (b) IMF in
GSM coordinates measured by THEMIS B time shifted to
the subsolar magnetopause. (c–g) Magnetic field (∣B∣ and
GSM Bx, By, and Bz components) and inclination angle mea-
sured by the FGM instrument at SC1 (black), SC2 (red),
SC3 (green), and SC4 (blue). (h) The x (black) and y (gray)
components of proton bulk velocity and (i) proton density
(black) and proton b (gray) measured by the CIS‐CODIF
instrument at SC4. (j) Magnetic H component variations at
TJO (black) and SYO (gray).

MOTOBA ET AL.: BRIEF REPORT A04209A04209
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Time scale of induced By 
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Rong et al., 2015 
 
 
Cluster sees By at -18.2, 
-4.4, 3.7 
 
55 minutes after OMNI at 
sub-solar point.  
 
 
 
Asymmetries established 
after 55 min 
 
 

 
 
 response clearly and definitely as the typical magnetic field strength in magnetotail lobe, around

20–30 nT, is comparable to IMF.
2. In the magnetotail, Bx and Bz components are very sensitive to the cross-tail current but not the By com-

ponent. Therefore, concentrating in monitoring the response of By component to IMF By component
would not be affected significantly by the cross-tail current variability.

3. It is desirable to have a jump variation of IMF By component (the jump of IMF By should exceed 5 nT, and
keeping the polarity and amplitude unvaried significantly for 1 h at least) coincident with the jump of solar
wind dynamic pressure (Pdy) for unambiguous timing on the arrival of IMF at the magnetopause. This is
because a jump of Pdy usually yields an instant response of magnetotail [e.g., Huttunen et al., 2005], which
can be used as the contact time of the external IMF By jump with the magnetotail.

4. The tail-flaring magnetic field could generate the By component which is roughly proportional to the local
Bx component [e.g., Fairfield, 1979; Petrukovich, 2011], i.e., By~ kBx. Nominally, the flaring factor k is
positive/negative when spacecraft locates at postmidnight/premidnight, and the magnitude increases
toward both flanks. One has to consider the effect carefully when choosing the appropriate events.

5. The OMNI data set with 1min resolution can provide long-term solar wind parameters (geomagnetic
indexes, e.g., AL, PC, and SYM-H, are also merged in OMNI data set), which are time-shifted to the arrival
time at the nose of the bow shock [King and Papitashvili, 2005].

With the consideration of the above points, several cases are fortunately found after manually searching the
Pdy jump events over the whole 23rd solar cycle (1995–2009) in the OMNI data set with joint observation
available in magnetotail. In the following, two “best” cases and several unfavorable cases are shown for
the report. GSM coordinates are used throughout the study.

2.1. Case 1 on 17 August 2001

As shown in Figure 1, an evident jump increase of Pdy occurs at ~11:05 from OMNI data set (Figure 1a), which is
recorded by the jump increase of geomagnetic magnetic field as indicated by SYM-H index at ~11:03 (Figure 1g).

Figure 1. A case showing the delay of IMF By penetration on 17 August 2001. Panels from top to bottom show (a) the
dynamic pressure of solar wind and (b) the three components of IMF from OMNI data set; (c) the three components of
magnetic field measured by C3; (d) the comparison of By component from C3, Geotail, and OMNI data set; (e) the plasma
velocity of C3 HIA; (f) the AL index and the PC index on the northern hemisphere; and (g) the symmetric disturbance index.
The locations of C3 in GSM are listed in the bottom.

Journal of Geophysical Research: Space Physics 10.1002/2014JA020452
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Questions – IMF By 

What is the time scale of this induction? 

•  How soon will we see: 
induced By 
asymmetric footpoints 
convection pattern (banana – orange cells) 
 

•  Model (LFM) predicts 10-15 minutes 

•  Alfven waves also indicate 10-15 minutes 

•  Our own results indicate 10 min 

Some claim it will take hours 

•  Rong et al., 2015: 55 min for IMF to induce By component 

•  Motoba et al., 2010: 51 minutes 
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Polar Arcs 
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Fear	  et	  al.,	  Science,	  2014	  -‐	  Trapped	  par6cles	  in	  theta	  aurora	  
	  
Cluster	  passed	  through	  the	  polar	  arc	  
	  
Time	  (g):	  pitch	  angle	  distribuUon	  and	  electron	  energy	  (phase	  space)	  –	  double	  loss-‐cone	  
and	  trapped	  parUcles	  
	  
	  

SCIENCE sciencemag.org 19 DECEMBER 2014 • VOL 346 ISSUE 6216 1509

Fig. 4. Summary of the
relationship between
the auroral and in situ
(high- and low-altitude)
plasma observations.
(A) Montage of the auro-
ral observations made by
the IMAGE FUVWideband
Imaging Camera on 15
September 2005. Each
image has been projected
onto a grid of magnetic
latitude against magnetic
local time with local noon
at the top anddawn to the
right. Panels (a) to (j)
show the transpolar arc
[indicated by the white
arrow in (b)] at different
stages of its evolution,
with the footprint of the
Cluster spacecraft indi-
cated by a red dot.The
times corresponding to
panels (a) to (j) are also
indicated in Fig. 2 and (B)
of this figure. At 15:10 UT
(a), the aurora conformed
to the standard oval
configuration, and the
Cluster 1 footprint was in
the dim region poleward
of the main auroral oval
(the polar cap), consistent
with the location of the
spacecraft in the lobe. At
16:38 UT (b), a small fea-
ture emerged from the
nightside oval (indicated
by the white arrow) and
subsequently grew into a
transpolar arc [(c) to (i)].
The growth and evolution
of the arc [(b) to (h)]
occurred while the IMF
was northward (Fig. 2A).
The arc was initially dusk-
ward of the footprint of
Cluster [(b) and (c)]. At
17:16 UT (d), the arc inter-
sected the spacecraft
footprint before retreating
duskward again (e); a
subsequent and final
period of dawnward
motion caused the arc to
intersect the spacecraft
footprint oncemore [(f) and (g)] and thenmove past the spacecraft footprint
[(h) and (i)]. After the IMF turned southward at 19:10 UT, the arc retreated to
the night side of the polar cap (i) and subsequently disappeared (j). (B)
Electron population observed by Cluster (replotted from Fig. 2C), with labels
showing the times corresponding to (a) to (i). There is an excellent corre-
spondence between the times that the uncharacteristic plasma is observed
and the times when the transpolar arc intersected the spacecraft footprint
[(d), (f), and (g)]. (C) Spectrograms of the electron and ion populations ob-
served by the Defense Meteorological Satellite Program (DMSP) F16 satellite
at low altitude during a polar cap crossing made between (f) and (g). Ion pre-

cipitation was observed between 18:25 and 18:27 UT, which coincides with the
time that the DMSP F16 satellite traversed the arc. [The orbit of the DMSP
spacecraft is shown in panel (f) of (A).] The ion and electron precipitation
observed at this time is comparable in energy with that observed above the
main oval (7, 9) and at high altitudes by Cluster 1 (Fig. 2,C and D), although the
electron precipitation observed by DMSP shows signs of further acceleration
(inverted “Vs”). In these respects, the precipitation observed by DMSP is
typical for transpolar arcs (18). Electron precipitation is observed elsewhere in
the polar cap andmay be associatedwith fainter polar cap arcs, presumablyon
open magnetic field lines.
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Non-conjugate polar Arcs 

18	  

Østgaard	  et	  al.,	  2003,	  2007	  
	  
Conjugate	  imaging:	  
	  
three	  examples	  of	  	  
non-‐conjugate	  polar	  arcs	  
	  
IMF	  Bx	  –	  more	  efficient	  lobe	  
reconnecUon?	  
	  
	  
	  



Non-conjugate polar Arcs 

19	   Polar	  workshop	  

F12	  -‐	  southern	  

F14-‐	  northern	  

1923:48	  UT	  

ParUcles	  from	  
Plasma	  sheet	  



Non-conjugate polar Arcs 

20	   Polar	  workshop	  

Are	  polar	  arcs	  on	  closed	  or	  open	  field	  lines	  
	  
Also	  non-‐conjugate	  polar	  arcs	  indicate	  plasma	  sheet	  parUcles	  
	  
	  
Why	  then	  non-‐conjugate?	  
	  
Asymmetric	  mapping?	  
	  
•  into	  polar	  arc	  one	  hemisphere	  	  
•  into	  the	  auroral	  arc	  in	  the	  other	  
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IMF	  Bx	  –	  region	  1	  current	  and	  duskside	  aurora	  
	  
	  

Laundal	  and	  Østgaard,	  2009	  

12	  May,	  2001	  2139-‐2153	  UT	  



IMF	  BX	  	  and	  dusk	  side	  aurora	  

22	   Reistad	  et	  al.,	  2014	  

IMF Bx
positive

IMF Bx
negative

Northern 
Hemisphere

Northern 
Hemisphere

Southern 
Hemisphere

Southern 
Hemisphere

Tension forces

The	  enUre	  IMAGE	  
data	  set	  is	  used	  

Kolmogorov-‐Smirnov	  
test:	  95%	  confidence	  
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Figure 2. Results of the statistical analysis in the Northern Hemisphere. A: Maps of

median auroral intensity for IMF B
x

negative case. B: Corresponding map for positive

IMF B
x

case. C: The intensity di↵erence between the two IMF B
x

cases. D: Number of

events across the domain. E: The significance level of the test that the two distributions

do not originate from the same distributions, using the Kolmogorov-Smirnov test. The

expected increased brightness for negative IMF B
x

can be seen from 16-19 MLT.
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Figure 2. Results of the statistical analysis in the Northern Hemisphere. A: Maps of

median auroral intensity for IMF B
x

negative case. B: Corresponding map for positive

IMF B
x

case. C: The intensity di↵erence between the two IMF B
x

cases. D: Number of

events across the domain. E: The significance level of the test that the two distributions

do not originate from the same distributions, using the Kolmogorov-Smirnov test. The

expected increased brightness for negative IMF B
x

can be seen from 16-19 MLT.
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Figure 3. Results of the statistical analysis in the Southern Hemisphere. A: Maps of

median auroral intensity for IMF B
x

negative case. B: Corresponding map for positive

IMF B
x

case. C: The intensity di↵erence between the two IMF B
x

cases. D: Number of

events across the domain. E: The significance level of the test that the two distributions

do not originate from the same distributions, using the Kolmogorov-Smirnov test. The

expected increased brightness for positive IMF B
x

can be seen from 16-20 MLT.
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Figure 3. Results of the statistical analysis in the Southern Hemisphere. A: Maps of

median auroral intensity for IMF B
x

negative case. B: Corresponding map for positive

IMF B
x

case. C: The intensity di↵erence between the two IMF B
x

cases. D: Number of

events across the domain. E: The significance level of the test that the two distributions

do not originate from the same distributions, using the Kolmogorov-Smirnov test. The

expected increased brightness for positive IMF B
x

can be seen from 16-20 MLT.
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IMF Bx effect 

•  Small but significant difference in auroral brightness due to IMF 
Bx 

•  Consistent with the explanation of difference in solar wind 
dynamo  efficiency 

•  Even small: |IMF Bx| > 2 nT more than 73% of  the time IMF Bz 
is negative 
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Question about – IMF Bx 

•  One statistical study implies some significance 

•  Can this result be confirmed by other 
measurements ? 

•  AMPERE data should – we looked but have 
not found ? 
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Summary of questions 

1.  What is the time scale of  how IMF By induces a By 
component  in the closed hemisphere? 

2.  How can polar arcs be non-conjugate and on closed field 
lines? 

3.  Does IMF Bx (and tilt) lead to significant differences in energy 
input into the two hemispheres 
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