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7

黒点11年周期と緯度出現分布（蝶形図） 
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一般磁場・極域磁場 

一般磁場：黒点磁場以外に、平均して数Gauss程度の磁場が存在 
極域磁場：南北で逆極性をもち、黒点極大期に反転 
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Joy’s & Hale-Nicholson’s Law

15

磁場周期 Hale-Nicholsonの法則 

周期中の活動領域内東西とNS磁極との関係は一意 
• 南北でNS磁極の順序が逆 
• 黒点周期ごとにNSが入れ替わる 

1986-1996
Cycle 22

1996-2007
Cycle 23
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ポロイダル磁場䛾生成：BL効果 

「Babcock-Leighton効果」   
 （BL-α効果とも呼䜀れる） 
 磁束浮上+Coriolis力効果  
 Babcock (1961)、Leighton 

(1964, 1969) 
 黒点を形成する磁束が浮上、

Coriolis力をうけ、緯度線に対
して傾ぐ（Joy䛾法則） 

 黒点磁場が拡散（あるい䛿移

流）し、ポロイダル成分が生成
される。 

 
 Sp/Bphibottom~0.1m/s程度 
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黒点周期予測総括 

4

520 W.D. Pesnell

Figure 3 The predictions from Table 2, plotted in order of decreasing predicted maximum for Cycle 24. The
prediction categories are color-coded as in the legend. Compared with Pesnell (2008) the distribution now
appears to have an excess of low-amplitude predictions.

and the minimum was longer and had fewer sunspots than expected, this is explored in
the Appendix. To be useful as a predictor, a stable estimate of the precursor must exist
before solar minimum. Because the number of spotless days continued to increase after the
minimum passed in December 2008, an algorithm is necessary to predict the number of
spotless days before using that parameter to predict the amplitude of the upcoming cycle.
Also, the number of spotless days appears to be biased to higher values before 1920. If only

Pesnell, 2012黒点相対数
0 200100

極大期の5年以上前では予測は 
混沌 
(これまでで一番大きな黒点相対
数から一番小さなものまで！) 

あと数ヶ月で磁場反転というこ
とで、今周期の答え(65くらい) 
は出ている。 
太陽黒点予測とどう向き合えば
いいかについて議論する

Pesnell, 2012
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Hatherway & Upton 2016

極小期の極磁場と次の周期の黒点数

Hathaway & Upton (2016)

�� ���
"������!��"����
�!



Babcock-Leighton �������

22

ポロイダル磁場䛾生成：BL効果 

「Babcock-Leighton効果」   
 （BL-α効果とも呼䜀れる） 
 磁束浮上+Coriolis力効果  
 Babcock (1961)、Leighton 

(1964, 1969) 
 黒点を形成する磁束が浮上、

Coriolis力をうけ、緯度線に対
して傾ぐ（Joy䛾法則） 

 黒点磁場が拡散（あるい䛿移

流）し、ポロイダル成分が生成
される。 

 
 Sp/Bphibottom~0.1m/s程度 

 
28 

+SD�

)(
bottompP IBSS  

（図䛿Dikpati et al. 2006) 

Dikpati et al. 2006 



����������������	�
510 J. Jiang et al.

Fig. 11 Simulated and observed
magnetic butterfly diagrams, i.e.,
time-latitude plots of the
longitudinally averaged radial
magnetic field at the solar
surface. Upper panel: result of
the flux transport simulation
based on Jiang et al. (2010a).
Lower panel: evolution of the
observed field taken from NSO
Kitt Peak synoptic maps

6.3 Simulations of Solar Cycles

6.3.1 Comparisons of Observed and Simulated Magnetic Butterfly Diagrams

In his original paper on the transport of solar magnetic flux, Leighton (1964) simulated
the effect of the thousands of sources that occur during an entire sunspot cycle. Cycle 21
was the first cycle that permitted a realistic comparison with the observed field (Sheeley
et al. 1985; DeVore and Sheeley 1987; Wang et al. 1989). The observed features of BMRs
were derived from the full-disk magnetograms. The large-scale axisymmetric magnetic field
features, such as the polar field structure, poleward surges and polar field reversals were well
reproduced. The time evolution of the longitudinally averaged photospheric magnetic field,
i.e, the magnetic butterfly diagram, is a good illustration of the large-scale field evolution
under the flux transport process.

The upper panel of Fig. 11 shows the magnetic butterfly diagram resulting from a flux
transport simulation, the source and transport parameters of which are based on Jiang et al.
(2010a), see also Schüssler and Baumann (2006). The lower panel of Fig. 11 is produced
from the Kitt Peak Solar Observatory synoptic magnetograms of the radial magnetic field.
There are qualitative agreements between simulation and observation, particularly concern-
ing the poleward surges of following-polarity magnetic flux leading to the reversals of the
polar fields.

Some differences can also be identified between the simulated and the observed magnetic
butterfly diagrams. For example, the observations have a more grainy structure, which leads
to a high mean flux density at the activity belt, see Eq. (9) of Jiang et al. (2014) for the
definition. The average of the observed values over the three cycle maxima is about 3G,
which is about twice that of the simulated result. Furthermore, the simulations lack the
occasional cross-equatorial flux plumes that appear in the data due to the large, highly tilted
sunspot groups that emerge near the equator, for example in the years of 1980, 1986, and
2002 (Cameron et al. 2013).

Jiang, 2012
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MODELING THE SUN’S OPEN MAGNETIC FLUX AND THE HELIOSPHERIC CURRENT SHEET
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ABSTRACT

By coupling a solar surface flux transport model with an extrapolation of the heliospheric field, we simulate the
evolution of the Sun’s open magnetic flux and the heliospheric current sheet (HCS) based on observational data
of sunspot groups since 1976. The results are consistent with measurements of the interplanetary magnetic field
near Earth and with the tilt angle of the HCS as derived from extrapolation of the observed solar surface field. This
opens the possibility for an improved reconstruction of the Sun’s open flux and the HCS into the past on the basis
of empirical sunspot data.

Key words: solar–terrestrial relations – Sun: activity – Sun: magnetic fields

Online-only material: color figures

1. INTRODUCTION

The Sun’s open magnetic flux is the part of its flux which is
not contained in closed loops, but extends into the heliosphere.
It is the source of the heliospheric magnetic field (HMF) whose
variations are an important source of geomagnetic activity
(Pulkkinen 2007) and control the production of cosmogenic
isotopes by galactic cosmic rays (Beer 2000). A crucial feature
of the HMF is the heliospheric current sheet (HCS), the interface
separating the opposite polarities of the HMF. The tilt angle
of the HCS (defined as the mean of the maximum northern
and southern extensions of the HCS) is a key parameter for
the modulation of the flux of galactic cosmic rays in the inner
heliosphere (Kóta & Jokipii 1983; Ferreira & Potgieter 2004;
Alanko-Huotari et al. 2007; Heber et al. 2009).

At a given distance from the Sun, the HMF has an almost uni-
form magnitude in latitude and longitude (Balogh et al. 1995).
Therefore, its radial component near Earth, which has been
measured by spacecraft since the 1960s, faithfully represents
the Sun’s total open flux (Owens et al. 2008; Lockwood et al.
2009). The tilt angle of the HCS could, in principle, be mea-
sured by multiple spacecraft orbiting at different heliolatitudes.
However, with the exception of the Ulysses probe, all measure-
ments of the HMF have been obtained near the ecliptic plane,
so that direct measurements of the tilt angle of the HCS are not
available most of the time. Therefore, such data are derived by
extrapolation of solar surface field maps, such as those taken at
the Wilcox Solar Observatory (WSO) since 1976. This yields
the current sheet distribution at the source surface, where the
field is assumed to become radial (e.g., Hoeksema et al. 1982).
In the inner heliosphere, we may ignore dynamical effects such
as the acceleration of slow plasma and the deceleration of fast
plasma that occur when neighboring parcels of plasma interact
(Riley et al. 2002), so the field lines are assumed to stay purely
radial beyond the source surface. Under these conditions, the
morphology of the HCS may be inferred from the position of
the current sheet at the source surface.

A limitation of this semiempirical determination of the HCS
tilt angle arises from the decreasing reliability of the surface
field measurements at higher latitudes and from magnetographic
saturation effects, which cannot be corrected without further
assumptions. Flux transport models based upon observed large-
scale magnetic flux emergence (e.g., in sunspot groups) provide

a complementary possibility to obtain information about the
high-latitude surface fields, which control the open flux and
the HCS tilt angle during solar minimum periods (e.g., Wang
et al. 1989a, 2000; Mackay et al. 2002). Schüssler & Baumann
(2006) showed that such an approach reproduces well the HMF
over multiple solar cycles, provided that the HCS is explicitly
included in the field extrapolation (current sheet source surface
(CSSS) method, cf. Zhao & Hoeksema 1995a)

The present paper serves a two-fold purpose. Firstly, it extends
the study of Schüssler & Baumann (2006) until the current solar
minimum period and includes an explicit account of the HCS
and its tilt angle, which can be compared with the corresponding
observational quantities. Second, such comparison provides the
validation for the application of these methods to reconstruct
the open flux and HCS tilt angle backward in time.

The paper is organized as follows. In Section 2, we give the
description of the models used. The results are presented in
Section 3: photospheric flux distributions in Section 3.1, the
solar open flux in Section 3.2, and the HCS in Section 3.3. We
give our conclusions in Section 4.

2. METHODS

2.1. Surface Flux Transport Model

The surface flux transport (SFT) model describes the evo-
lution of the magnetic flux distribution at the solar surface as
a combined result of the emergence of bipolar magnetic re-
gions (BMRs), flux cancellation, and transport by surface flows.
The evolution of the radially orientated surface field (Wang &
Sheeley 1992; Solanki 1993; Petrie & Patrikeeva 2009) is con-
trolled by latitudinal differential rotation and meridional flow,
together with turbulent diffusion due to granulation and super-
granulation (e.g., Wang et al. 1989b; Mackay et al. 2002).

The SFT uses the radial component of the induction equation
in the form

∂Br

∂t
= −ω(θ )

∂Br

∂φ
− 1

R⊙ sin θ

∂

∂θ
[υ(θ )Br sin θ ]

+
ηh

R2
⊙

[
1

sin θ

∂

∂θ

(
sin θ

∂Br

∂θ

)
+

1
sin2 θ

∂2Br

∂φ2

]

−Dr (ηrB) + S(θ,φ, t), (1)

where S(θ,φ, t) is the source term describing the emergence
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ダイポールモーメント | 観測 + 浮上磁場なしSFT

C23/24極小期C23極大期

サイクル 
前半 サイクル中盤 サイクル終盤

サイクル前半～中盤 
SFTの予測は観測と逆向
きに時間発展。 
ダイポールモーメントが
前極小期の値に近づい
ていく。


サイクル終盤 
極小期の2-3年前から、
SFTの予測と観測が一致
するようになる。

黒: WSO、赤: MDI 
太線: 観測値  
細線: SFTによる予測

Black: WSO  Red: MDI
Thick line : Obs
Thin line : Prediction SFT
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浮上磁場なしSFTによる極磁場予測
サイクル21

サイクル23 サイクル24

サイクル22

?

黒: WSO

太線: 観測値  
細線: SFTによる予測

黒: WSO 
赤: MDI

黒: WSO

黒: WSO 
緑: HMI

Black: WSO
Green: HMI

Cycle 24 Cycle 24 minimum
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Next solar cycle prediction

29

浮上磁場なしSFTによるサイクル25予測

24

25

23
22

相関値: 0.991 
C25黒点数: 77.7±10.4

浮上磁場なしSFTで 
極小期の3年前に評価した 
ダイポールモーメントと 
次期周期の最大黒点数。
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先行研究の予測結果との比較

Cameron et al. (2016)

Hathaway & Upton (2016)

Upton & Hathaway (2014a)

研究 予測時期 予測結果
UH14 2013年中盤 24 ≦ 25

C+16 2016年初頭 24 ≦ 25

HU16 2016年中盤 24 ≧ 25

本研究 2015-2016年 24 > 25

先行研究の予測結果との比較

Cameron et al. (2016)

Hathaway & Upton (2016)

Upton & Hathaway (2014a)

研究 予測時期 予測結果
UH14 2013年中盤 24 ≦ 25

C+16 2016年初頭 24 ≦ 25

HU16 2016年中盤 24 ≧ 25

本研究 2015-2016年 24 > 25

Year Prediction

UH14 Mid 2013 24 ≦25
C+16 Begin 2016 24 ≦25
HU16 Mid 2016 24 ≧ 25

Our Result 2015-2016 24 > 25
Iijima et al. 2017
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