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Hemispherical asymmetry 
in solar magnetic fields 

•  Sunspot activity is often north-south asymmetric  
•  Polar fields often develop differently in the two hemispheres  
•  Northern and southern hemispheres are connected, but not 

strictly. Therefore, magnetic fields are (slightly) asymmetric. 



HCS = Magnetic equator = Ballerina skirt 

Heliospheric	  current	  sheet	  (HCS)	  is	  
the	  heliospheric	  magne6c	  equator	  
that	  separates	  the	  two	  magne6c	  
hemispheres	  (or	  HMF	  sectors).	  
	  
Because	  of	  its	  wavy	  structure,	  HCS	  is	  
oAen	  called	  the	  Ballerina	  skirt.	  
	  
NOTE:	  It	  has	  always	  been	  tacitly	  
assumed	  so	  far	  that	  the	  
longitudinally	  averaged	  HCS	  loca)on	  
coincides	  with	  the	  heliographic	  
equator.	  
	  
However,	  this	  is	  not	  true!!	  
	  



HCS and streamer belt: Ulysses 

Ulysses probe on its first fast latitude scan over the ecliptic in 1995:	

	

-  SW speed distribution is shifted northwards	


- HCS (heliospheric current sheet) is shifted southwards	

	




HMF T/(T+A) ratio in Fall and Spring 

+ + - - - 

T/(T+A) ratio in Fall	

Despite some scatter, there is a clear dominance of the 
magnetic hemisphere coming mainly from the northern 
heliographic hemisphere.	


T/(T+A) ratio in Spring	

There is more scatter, and the average level of 
dominance in Spring is lower than in Fall.	


Still, clearly systematic 22-year variation of the 
baseline.	


Rosenberg-Coleman rule is very well valid 
for the northern heliographic hemisphere but 
slightly less clear in the southern hemisphere.	


Study the fraction of one HMF magnetic 
hemisphere in separately in Fall and Spring.	

T= toward sector = magnetic south	

A= away sector = magnetic north	




Annual (T-A)/(T+A) ratio (OMNI data) 

The annual (or equinoctial) 
average of the 	

(T-A)/(T+A) ratio reveals 
the asymmetry of the 
heliospheric current sheet 
at 1AU.	

	

Despite considerable scatter, 
there is an overall significant 
22-year baseline oscillation. 
The magnetic hemisphere of 
the northern heliographic 
hemisphere dominates at 1 
AU.	


HCS is, on an average, shifted southward (towads the southern heliographic 
hemisphere) around solar minima. (Significant deviations also not random).	

	

Since the Rosenberg-Coleman rule (latitudinal variation of sector dominance) still 
works both in Fall and Spring, the average shift must be less than 7.2°.	


Mursula, and Hiltula, Geophys. Res. Lett., 30, 2003. 



Southward shifted HCS = Bashful Ballerina  

Smith et al., ApJ, 2000 Mursula, and Hiltula, Geophys. Res. Lett., 30, 2003. 

So rather than symmetric, 
the HCS is southward 
shifted or coned at these 
times and looks like this: 	


As an amusing and natural continuation to 
the early naming practice, we called the 
Sun with its shifted heliospheric current 
sheet  a Bashful Ballerina who is pushing 
her excessively high flaring skirt 
downward whenever her activity is fading 
out.	




First solar observation of HCS shift 

	

Zhao et al., JGR, 2005 	

	

Top Figure: Mean field in open 
regions	


Field in north weaker than in 
south	

(Hoeksema, 1995)	


Second: Total area in open regions	

Area in north larger than in south	

	


Bottom: Total area in % of source 
surface Br	

        Area in north larger than in south	

	

Area in north larger than in south 
during 3 years before minimum	




Radial profile of radial field: HMF vs. WSO  

• 	  n	  varies	  strongly	  with	  solar	  cycle	  because	  of	  variable	  HCS	  proximity.	  	  

• 	  During	  the	  Ballerina	  6mes	  n	  is	  larger	  for	  the	  northern	  hemisphere	  field	  
because	  magne6c	  equator	  is	  shiAed	  south	  and	  the	  northern	  footpoint	  is	  
located	  further	  away	  from	  HCS.	  This	  is	  clearly	  valid	  for	  SC	  21	  and	  22.	  

• 	  During	  SC	  23	  Ballerina	  is	  also	  bashful	  but	  less	  than	  in	  earlier	  minima.	  

Mursula, and Virtanen, A&A, 2011. 



Radial profile of radial field: HMF vs. WSO  

	  Asymmetry	  during	  descending	  phase	  of	  SC24	  starts	  showing	  up..	  
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Ulysses mission 

•  Ulysses was flying on a polar orbit from 1991 
until 2008, making three orbits around the Sun. 

•  The three fast latitude scans at the perigee 
took place in 1994-1995, 2001-2002 and 2007. 
Thus, the first and the third fast latitude scans 
were in solar minimum conditions and the 
second at the maximum of SC 23. 

•  During the fast latitude scans the latitude of 
Ulysses changes almost linearly in time.  



Best fit lines and slopes in 1994/1995 

• 	  Calculate	  the	  best-‐
fit	  line	  to	  the	  
cumula6ve	  flux	  
density	  curve	  from	  
high-‐la6tude	  close	  to	  
the	  equator.	  

• 	  The	  slope	  of	  the	  
best-‐fit	  line	  gives	  the	  
average	  magne6c	  
field	  over	  this	  la6tude	  
range	  if	  Br	  remains	  
constant	  in	  la6tude	  and	  
6me.	  	  	  

• 	  The	  red	  and	  blue	  lines	  in	  figure	  correspond	  to	  a	  fit	  from	  ±	  79.7°	  to	  ±14°.	  
• 	  Equatorward	  extent	  of	  the	  fiZng	  range	  is	  a	  (rather)	  arbitrary	  parameter.	  
• 	  Reliable	  es6mates	  of	  slopes	  should	  not	  depend	  on	  this	  limit.	  



High-latitude fields as a function of equatorial extent 

• 	  Figure	  shows	  the	  slopes	  of	  the	  best	  fit	  lines	  as	  
a	  func6on	  of	  the	  equatorial	  limit	  of	  the	  fiZng	  
range	  star6ng	  from	  ±79.7°.	  

• 	  During	  both	  minimum	  6me	  fast	  la6tude	  scans	  
in	  1994-‐1995	  and	  2007	  the	  magnitude	  of	  the	  
northern	  field	  is	  significantly	  smaller	  than	  
magnitude	  of	  the	  southern	  field.	  

• 	  In	  2007	  the	  magnitude	  of	  the	  field	  is	  roughly	  1	  
nT	  smaller	  than	  in	  1994-‐1995.	  

• 	  In	  2000-‐2001	  the	  southern	  slope	  is	  close	  to	  
zero	  and	  the	  northern	  slope	  is	  larger	  because	  the	  
northern	  field	  is	  observed	  later	  in	  6me	  when	  
unipolar	  coronal	  hole	  had	  already	  developed	  by	  
the	  6me	  when	  satellite	  reached	  high	  northern	  
la6tudes.	  

Virtanen and Mursula, JGR., 2010. 



Photospheric magnetic field observations 

•  Longitudinal averages show 
similar large scale structures 
and solar cycle evolution in all 
six data sets.  

•  Higher resolution data show 
more complicated structures, 
especially in active regions.  

•  Even polar fields appear 
slightly differently in high 
resolution data. 

•  Differences between polar 
fields are largest during 
polarity reversals. Low 
resolution instruments indicate 
earlier reversal. 

Virtanen and Mursula, A&A., 2016. 



•  We calculate the coronal 
magnetic field using PFSS 
model and photospheric 
observations of the six data 
sets. 

•  Longitudinal averages show 
–  Solar cycle evolution 
–  Hemispheric asymmetries 
–  Vantage point (b0) effect 
–  Some obvious errors 
–  Scaling between data sets 

is different than in 
photospheric magnetic 
field 

Coronal magnetic field 



•  Rotationally averaged latitude of HCS in heliographic coordinates 
•  Southward shifted HCS during the declining to minimum phase of 

solar cycles (20,) 21, 22 and 23. 
•  Shift is weaker and less systematic during cycle 23 
•  Weak, preliminary evidence for southward shift during SC24 

Heliographic latitude λh of HCS  



•  Same as previous plot but Kitt Peak has been removed in 
1985-1989, WSO in 1995-1998 and in 2000-2001 and MWO after 
2010. 

•  Shows very systematic agreement between different data. 
•  Overall a clear dominance of s negative HCS location, especially 

in the declining to minimum phase of the solar cycle 

λh of HCS, erroneous data removed 

Virtanen	  and.	  Mursula,	  A&A,	  2016	  



Dipole vs. quadrupole  

Quadrupole term has same polarity 
in both polar regions (Bravo and 
Gonzalez-Esparza, 2000).	

	

A significant quadrupole term can 
produce the observed north-south 
differences in field strengths, areas 
and HCS asymmetry.	

	

In order to have southward shifted 
HCS, dipole and quadruple terms 
must have opposite signs.	

	


Dipole  Quadrupole  

+ - 

+ - 



HCS asymmetry: Dipole and quadrupole 
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•  We calculate λm also for“non-quadrupole”data where g2
0-term 

has been removed before calculating the PFSS coronal field. 
•  The southward shift of the HCS is mainly due to the quadrupole 

moment in the photospheric magnetic field. 
•  Differences between data sets as well as yearly oscillation (due to 

varying b0 angle) are significantly smaller in non-quadrupole data. 

Non-quadrupole λm  



•  Latitudinal contribution to g2
0-term, north and south summed 

together and smoothed over 13 rotations.  
•  g2

0-term mainly relates to polar field N-S asymmetry, which arises 
from N-S asymmetric surges of flux drifting toward poles 

Color	  scale	  
saturates	  	  at	  
50%	  of	  
maximum	  
value	  

Origin of g2
0 quadrupole 



 Asymmetry in polar jets  

A&A proofs: manuscript no. 25731

Fig. 7. Example of magnetic field lines integration for some jets with
moments ĝ2 = −0.8 and ĝ3 = 1.3. The starting points of the integration
are at 1 R" from EUVI observations and represented as coloured dots.
The integrations are made up to 2 R" and the results (void squares ) are
compared with the corresponding jet positions as observed with COR1
(plus signs). For some events, especially those at lower latitudes, the
integration can result in a closed line (purple dashed line).

We can now infer the structure of the coronal magnetic field
by computing Eqs. (4–9) with the obtained values of 〈ĝ2〉 and
〈ĝ3〉 and plotting the magnetic field lines. This is shown in Fig.
9: the HCS in the considered period of observations results to
be coned southward, forming an angle of about 10 deg, which
is broadly consistent, although somewhat larger, with some es-
timates found in the literature ranging between 3 and 10 deg
(Simpson et al. 1996; Heber et al. 1996; Mursula & Hiltula 2004;
Erdős & Balogh 2010). On the other hand, the HCS is not a sta-
tionary feature and the tilt is subject to a change over the time
because of the evolution of the magnetic field structure. For the
period under examination, the average values of the quadrupole
and esapole components, as determined by WSO, are of the or-
der of gW

2 /g
W
1 ∼ −0.1, 0.05 and gW

3 /g
W
1 ∼ 1.0, 1.6 for the classic

and radial model, respectively. In addition the quadrupole com-
ponent shows a large variability, assuming positive and negative
values with peaks at ±0.5gW

1 in the case of the radial approxima-
tion.

4. Discussion and conclusions

In this work, we used polar corona jets as a probe for under-
standing the magnetic field structure of the solar corona during
a solar minimum. Since the corona is an environment with a
plasma-β parameter less than 1, we assumed that jets on aver-
age propagate along the magnetic field lines. For simplicity, we
also assumed that the large-scale solar magnetic field during a
solar minimum is axisymmetric. We measured the PA of jets at 1
R" in the EUVI FOV, and at 2 R" in the COR1 FOV, and analysed
the deflection of jets. The analysis was also carried out in 3D
space. We found that jets are deflected towards low latitudes, in
agreement with the fact that the magnetic field lines are bent to-

Fig. 8. Contour maps representing the standard deviation (σ) from (13)
for different values of rw (top: 2.5 R", bottom: 3.25 R"), for the clas-
sic (left) and radial (right) model, as a function of ĝ2 (vertical axis)
and ĝ3 (horizontal axis) coefficients. The colourbar defines the variation
range of σ. In addition, coloured lines enclose regions with different
percentage (100, 95, 90, ...) of jets, hence magnetic field lines, which
are successfully integrated. The red crosses locate the chosen minimum
in a low-σ region with at least 90% of jets integrated. This minimum is
found for 〈ĝ2〉 = −0.5, and 〈ĝ3〉 = 1.6 (bottom panels)- 2.0 (top panels).

wards the equator, and this deflection is more pronounced at the
north pole than at the south pole. . This N-S asymmetry has been
found in other data sets, starting from photospheric magnetic
field measurements (Hoeksema 1995), global distribution of the
solar wind speed (Tokumaru et al. 2015), analysis of latitudinal
gradient in solar energetic particles (Simpson et al. 1996; Heber
et al. 1996), and also magnetic field measurements in the inter-
planetary medium by the Ulysses spacecraft (Erdős & Balogh
2010). This asymmetry can be modelled in terms of multipole
components of the global magnetic field (Bravo & González-
Esparza 2000; Mursula & Hiltula 2004): during solar minima the
quadrupole moment tends to influence the total magnetic field,
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Fig. 9. Structure of the coronal magnetic field lines with 〈ĝ2〉 = −0.5
and 〈ĝ3〉 = 1.6, and the corresponding HCS position projected on the
source surface at 3.25 R$ for the interest period of observations between
March 2007 and April 2008. Inwards magnetic field lines are plotted in
red, outwards in blu.

weakening it in one pole and enhancing it in the opposite pole.
We have estimated the contribution of the quadrupole moment,
starting from jet PA data, and compared our results with those
of WSO. We modelled the coronal magnetic field as the sum of
the dipole, quadrupole, and esapole moments, starting from the
expression of a scalar potential function Ψ in terms of spher-
ical harmonic expansion. We traced magnetic field lines from
the footpoint of jets (at 1 R$) up to 2 R$ for different values of
the magnetic moments. We obtained the harmonic coefficients
ĝ2 and ĝ3, normalised to the dipole, which minimise the stan-
dard deviation of position angle differences coming from the nu-
merical simulation and the observations. We obtained as reliable
values 〈ĝ2〉 = −0.5 and 〈ĝ3〉 = 1.6. From these estimates, we
were able to compute the structure of the magnetic field lines
(Fig. 9) in which the HCS shows an offset of about 10 deg, a
value consistent with the results obtained by Mursula & Hiltula
(2004), but somewhat larger than that found by Erdős & Balogh
(2010), whose observations however correspond in part to differ-
ent periods and are taken at much larger distances from the Sun,
around 1.4 AU during the fast latitude scans of Ulysses.

In our analysis, we show that the slopes of the linear fits for
the PAs and the latitudes (from 3D measurements) are different
between the two poles. The angular coefficients of the fits can
be immediately related to the ratio of the magnetic field values
BS /BN = 1.12 − 1.21, which is reported in Table 1 from Erdős
& Balogh (2010), according to the following geometric inter-
pretation in terms of conservation of magnetic fluxes through
the Sun’s poles. Consider the sketch of the Sun in Fig. 10, with
the polar caps marked by dashed lines at the distance of 1 R$,
which can essentially represent areas embedded in open field re-
gions, such as the polar coronal holes. We can express the mag-
netic fluxes Φ approximately as the product of the area A of
the polar cap with an average polar magnetic field B. The sur-

face of a spherical cap depends on the half opening angle θ as
A = 2πR2

$(1 − cos θ), which we assume to be equal for both
poles at 1 R$, for example. The angle θ is analogous to the PA
in our measurements. Hence, because of the asymmetry, the flux
ΦS in the south pole is larger than ΦN in the north. Thus, we find
at the distance of 1 R$,

AN(R$) = AS (R$) ⇒
ΦN(R$)
ΦS (R$)

=
BN(R$)
BS (R$)

. (14)

Moving away of the Sun, the magnetic field diminishes with
the distance r and the area of the projected polar cap must in-
crease because of the flux conservation (Φi(R$) = Φi(r) with i =
N, S ). We can consider the variation of the magnetic field nor-
malised to its values at the distance 1 R$ as Bi(r) = B̂i(r)Bi(R$),
and the expansion of the polar caps with the distance can be ad-
dressed in terms of a variation of the opening angle θ of a factor
a, which is different between the two hemispheres (and also de-
pends on the radial distance). Thus, at a certain distance r, which
is taken to be R$ < r ≤ rw in the PFSS model, the polar cap areas
can be expressed as

Ai(r) = 2πr2 [1 − cos (ai(r)θ)] (15)

with i = N, S . A second order approximation for the cosine func-
tion gives cos(aθ) ≈ 1 − 1

2 a2θ2, and, finally, the area can be ex-
pressed as Ai(r) = πr2(a2

i θ
2). By considering the ratio of the

magnetic fluxes between the north and south at r, we find,

ΦN(r)
ΦS (r)

=
BN(r)AN(r)
BS (r)AS (r)

≈
B̂N(r)
B̂S (r)

BN(R$)
BS (R$)

(

aN(r)
aS (r)

)2

, (16)

and by combining Eqs. (14) and (16), in virtue of the mag-
netic flux conservation, we obtain the final relation,

B̂S (r)
B̂N(r)

≈

(

aN(r)
aS (r)

)2

, (17)

which links the estimated deflections with the ratio of the mag-
netic field magnitudes. The squared values for the ratio aN/aS at
r = 2 R$, according our analysis of the jet deviations, are around
1.5–2.0 (see Table 1). These values are almost 25–65% larger
than the ratio of the magnetic field estimated by Erdős & Balogh
(2010), in agreement with the larger estimate of the HCS off-
set in our analysis. The agreement between our results and those
from Erdős & Balogh (2010) are rather satisfactory. We would
like to outline the comparison is made on the basis of different
observables (jet deflection against interplanetary magnetic field
measurements normalised to 1 AU) and refer in part to different
periods in time. In addition, a list from WSO of the tilt of the
HCS reports values greater than 10 deg for the period of interest.

Therefore, we have an independent indication that the solar
magnetic field can indeed exhibit a N-S asymmetry, a result that
can have profound implications on the models of solar dynamo.
The forthcoming missions Solar Probe Plus and Solar Orbiter
will have a crucial role in assembling the extent of the N-S asym-
metry more precisely, thanks to both in situ measurements of the
nearly coronal magnetic field and remote observations. In par-
ticular, the Solar Orbiter UV instruments will allow us to more
accurately check the size of the polar coronal holes and the de-
flection of polar jets, allowing us to better constrain the solar
magnetic field.
Acknowledgements. We would like to thank the referee, Bernd Inhester, and the
editor, Hardi Peter, for their useful and fruitful comments. Data are courtesy of

Article number, page 9 of 10

Nis6co	  et	  al.,	  2015	  



Annual (T-A)/(T+A) ratio 

+ + - - - + + + + - - - + + 

Vennerstrøm et al data (black) follows 
fairly closely the Omni (blue) data.  
The mean of the annual  
(T-A)/(T+A) ratio = 0.04. 
The overall pattern is fairly similar to that 
of Echer & Svalgaard. 

Echer & Svalgaard data (black) follows 
closely the Omni (blue) data.  
The mean of the annual  
(T-A)/(T+A) ratio = -0.004. 
Before six of the seven last minima HCS 
is shifted southwards.  



Streamer belt NS shift: Long-term evolution 

•  Is the Gleissberg cycle = one phase (half) of the N-S asymmetry cycle?  	

•  Is deVries cycle = 2 Gleissberg cycles = Full N-S asymmetry cycle ?	

•  If yes, asymmetry (together with solar activity) should get smaller shortly! 	


•  If HCS asymmetry follows SB asymmetry, the Ballerina was far from Bashful and 
rather had a permissive phase in the 19th century ! 	


Mursula and Zieger, GRL, 2001.



Streamer belt asymmetry vs. HCS asymmetry  

•  The asymmetry of the streamer belt is related to the magnetic cycle 
so that the SW speed distribution is shifted towards the northern 
magnetic hemisphere	


•  HCS is always shifted towards the southern heliographic 
hemisphere.	


»  For positive minima HCS and streamer belt are shifted 
oppositely.	


»  For negative minima HCS and streamer belt are both shifted 
southards.	


•  This new pattern allows for interesting new possibilities for 
predicting space climate (and space weather).	




•  HCS asymmetry is known to exist since 1920s (over the 
GMM) 

•  Verified with several methods and databases 

Conclusions 



 
•  Streamer belt asymmetry is known since 1840s. 

•  HCS asymmetry and Streamer belt asymmetry do NOT 
show the same (at least during most those cycles studied) 

•  Streamer belt asymmetry shows a long-term (about 200 
year) alternating pattern. 

Conclusions 



 
•  Space Weather and Space Climate applications 

–  Possibility for improved at longer lead time 

•  Dynamo essentially hemispherically asymmetric  
–  New constraints for modeling 

•  Significance to solar activity: Larger (absolute) asymmetry 
connected with larger (absolute) activity, not smaller 

Important? 


