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• Flaring ARs and their formation

1. Introduction

No. 1, 2000 RELATION BETWEEN d SPOTS AND LARGE FLARES 585

FIG. 2.ÈPeak Ñare intensities in W m~2 for each spot group as a function of peak area in disk fraction, with each magnetic class plotted separately.
Clearly all the big events at upper right occur in d spots, those classed bcd by SOON. Regions producing no Ñares have been omitted.

passage, and the highest (with d as the highest) magnetic
classiÐcation. Thus, a region is considered d if it reached
that value once in its disk passage.

Several more minor errors can also cause problems. The
SOON sites submit corrections by entering a second report
with the same time and date information as the Ðrst ; on 92
occasions both a corrected and an original report remain in
the data set. Variation of area reports on a given day is
considerable, but the scatter was similar in both directions.
Since we use peak areas, this gives a small upward bias to
the areas used. An active e†ort has been made to match
GOES Ñares with optical reports, so most GOES bursts, and
almost all large ones, are correctly matched with active
regions. While we could not do a comprehensive check on
the identiÐcations, they generally appear to be correct.

Because the region is observed for several days at several
stations, an adequate consensus of its properties is obtained.
The X-ray data reported by the GOES satellites appear gen-
erally reliable, except as noted above. The intercomparison
of a large database tends to even out the e†ects of errors in
measurement and philosophy. Since our data show strong
e†ects, they are fully adequate for general Ñare prediction.

A more important point is that while we perforce use the
GOES data, there is some question whether or not they

represent the true Ñare ““ importance.ÏÏ The GOES value is a
peak value, measuring the time integral of the hard X-ray
input, which is probably the primary energy input. But peak
values give no weight to extended energy input. This is
probably the source of the signiÐcant e†ects attributed to
long-duration Ñares in which the total input is much larger
than that implied by the peak value. On the other hand, the
GOES peak is a reasonable indicator of the integrated hard
X-ray input.

3. METHOD AND RESULTS

We compared magnetic classiÐcation, spot group area,
and the peak soft X-ray (SXR) Ñux during its disk transit.
We assigned to each active region the highest magnetic
classiÐcation reported during its disk transit, as well as the
greatest area reported, and the largest Ñare. In general,
Mount Wilson classiÐed a spot group as d if any two
umbrae of opposite polarity in a group were very close,
resulting in many more such regions than the USAF bcd
class, which only recognized regions where the major spots
were in a d conÐguration. However, all regions classiÐed by
SOON are also classiÐed d by Mount Wilson. Regions clas-
siÐed are all checked directly on BBSO and Mount Wilson
data.
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[Sammis+ 2000]
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• This talk: observation and modeling
• Statistical observation to see the trends of 

flaring ARs with minimum selection bias
[ Toriumi, Schrijver, Harra, Hudson, & 
Nagashima 2017 ApJ ]

• Flux-emergene simulaitons to find the cause of 
observed magnetic structures

[ Toriumi & Takasao 2017 ApJ ]

AR 12192

AR 11283

AR 11158

[＊ see many presentations of this week!]

1. Introduction
• Flaring ARs and their formation

• δ-sunspots [Künzel 1960, Sammis+ 2000]

• Sheared PIL [Hagyard+ 1984, Tanaka 1991]

• Twisted flux tubes [Kurokawa 1987, Leka+ 1996]

• Complex multipolar spots [Zirin & Tanaka 1973]
• etc…

Energy and helicity accumulate 
through magnetic flux emergence*



45 deg

• Data sets
• Optical/UV: SDO/HMI 

and AIA mtrack-ed data
• SXR: GOES light curves
• CME: SOHO/LASCO 

CDAW

HMI mag AIA 1600

HMI cont GOES

2. Observation
• Flare events

• Solar Cycle 24: May 2010 — April 2016  
(6 years from beginning to declining phase)

• All ≥M5.0 flares with heliocentric angle
θ ≤ 45 deg (i.e. μ = cosθ ≥ 0.71)

• 51 flares (20 X + 31 M-class) from 29 ARs



• AR properties

Symbol size varies with the GOES 
level from M5.0 to X5.4. 
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Figure 3. (a) Heliographic distribution of the 51 flares. “×”
symbols indicate the position. The symbol sizes vary with
the GOES levels. (b) Hemispheric monthly sunspot number
(13-month smoothed: solid curve) for the northern hemi-
sphere. Vertical lines indicate the occurrence of flares and
their GOES magnitudes. (c) Same as (b) but for the south-
ern hemisphere.

• 24 out of 29 ARs (= 83%) show　　
δ-sunspots for at least one flare 
occurrence [Künzel 1960, Sammis+ 2000].

+

+
−

−

• 4 out of 29 ARs (= 14%) violate 
Hale’s polarity rule for at least one 
flare occurrence, as opposed to 
~4% for all ARs [e.g., Wang & Sheeley 
1989, Khlystova & Sokoloff 2009].

−+

2. Observation



• Categorization of flaring ARs  [based on Zirin & Liggett 1987]
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• Categorization of flaring ARs  [based on Zirin & Liggett 1987]

2. Observation

2012-03-07 X5.4 AR 11429



• Categorization of flaring ARs  [based on Zirin & Liggett 1987]

2. Observation

2014-03-29 X1.0 AR 12017



• Categorization of flaring ARs  [based on Zirin & Liggett 1987]

2. Observation

2011-02-13 M6.6 AR 11158



• Categorization of flaring ARs  [based on Zirin & Liggett 1987]

2. Observation

2014-01-07 X1.2 AR 11944



• Categorization of flaring ARs

4%

6%

49%

41%

Fraction CME productivity

Spot-spot
57%

Spot-satellite
64%

Spot-satellite is slightly more eruptive.
→ Mag structure affects the CME production?

<

2. Observation

Spot-spot

Spot-satellite

Quadrupole

Inter-AR



• Categorization of flaring ARs

2. Observation



• Categorization of flaring ARs

2. Observation

Formation of flaring ARs?
• δ-spots? Sheared PIL?
• Free energy buildup?

Flux-emergence simulations 
to model the four cases



• 3D Flux-emergence Simulations (code by Takasao+ 2015)

3. Modeling



• 3D Flux-emergence Simulations (code by Takasao+ 2015)

[Linton+ 1996, Fan+ 1999, Takasao+ 2015]

kinked tube

two emerging sections

[ST+ 2014, Fang & Fan 2015]

[Linton+ 2005, Cheung+ in prep]

parasite tube

[Fan+ 1998, ST+ 2014]

parallel tubes

3. Modeling



• Magnetogram + Field Lines → δ-spots with Sheared PIL
Spot-Spot Spot-Satellite

Quadrupole Inter-AR

parallel tubes

kink-unstable tube parasite tube

two emerging sections

3. Modeling
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• Magnetogram + Field Lines → δ-spots with Sheared PIL
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3. Modeling

Spot-Spot

kink-unstable tube

• Magnetogram + Field Lines → δ-spots with Sheared PIL

Quadrupole Inter-AR

parallel tubestwo emerging sections

Spot-Satellite

parasite tube
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3. Modeling

Spot-Spot

kink-unstable tube

• Magnetogram + Field Lines → δ-spots with Sheared PIL
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Spot-Spot

kink-unstable tube

• Magnetogram + Field Lines → δ-spots with Sheared PIL
Spot-Satellite
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• Magnetogram + Field Lines → δ-spots with Sheared PIL

kinked tube

two emerging sections

parasite tube

parallel tubes

Spot-Spot Spot-Satellite

Quadrupole Inter-AR

kink-unstable tube parasite tube
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3. Modeling
• Formation of sheared PIL

two emerging sections
Shear field BPIL

Stretching

@BPIL
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Compression
(horizontal)

Compression
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• Advection → Stretching → 
Compression

• Approaching spots transport the 
mag fields, then drift motion shears 
them, which are pressed later on.

Quadrupole



• Energy storage and flare prediction
• SHARP parameters predict flares and CMEs well… WHY?
• ↑ calculated from HMI vector magnetogram for each AR

The Astrophysical Journal, 798:135 (11pp), 2015 January 10 Bobra & Couvidat

Table 1
SHARP Active Region Parameter Formulae

Keyword Description Formula F-Score Selection

totusjh Total unsigned current helicity Hctotal ∝
∑

|Bz · Jz| 3560 Included
totbsq Total magnitude of Lorentz force F ∝

∑
B2 3051 Included

totpot Total photospheric magnetic free energy density ρtot ∝
∑ (

BObs − BPot)2
dA 2996 Included

totusjz Total unsigned vertical current Jztotal =
∑

|Jz|dA 2733 Included
absnjzh Absolute value of the net current helicity Hcabs ∝

∣∣∑ Bz · Jz

∣∣ 2618 Included

savncpp Sum of the modulus of the net current per polarity Jzsum ∝
∣∣∣∣

B+
z∑

J zdA

∣∣∣∣ +
∣∣∣∣

B−
z∑

J zdA

∣∣∣∣ 2448 Included

usflux Total unsigned flux Φ =
∑

|Bz|dA 2437 Included
area_acr Area of strong field pixels in the active region Area =

∑
Pixels 2047 Included

totfz Sum of z-component of Lorentz force Fz ∝
∑

(B2
x + B2

y − B2
z )dA 1371 Included

meanpot Mean photospheric magnetic free energy ρ ∝ 1
N

∑ (
BObs − BPot)2

1064 Included
r_value Sum of flux near polarity inversion line Φ =

∑
|BLoS |dA within R mask 1057 Included

epsz Sum of z-component of normalized Lorentz force δFz ∝
∑

(B2
x +B2

y−B2
z )

∑
B2 864.1 Included

shrgt45 Fraction of Area with shear > 45◦ Area with shear > 45◦ / total area 740.8 Included

meanshr Mean shear angle Γ = 1
N

∑
arccos

(
BObs·BPot

|BObs| |BPot|

)
727.9 Discarded

meangam Mean angle of field from radial γ = 1
N

∑
arctan

(
Bh
Bz

)
573.3 Discarded

meangbt Mean gradient of total field |∇Btot| = 1
N

∑
√

(
∂B
∂x

)2
+

(
∂B
∂y

)2
192.3 Discarded

meangbz Mean gradient of vertical field |∇Bz| = 1
N

∑
√(

∂Bz
∂x

)2
+

(
∂Bz
∂y

)2
88.40 Discarded

meangbh Mean gradient of horizontal field |∇Bh| = 1
N

∑
√(

∂Bh
∂x

)2
+

(
∂Bh
∂y

)2
79.40 Discarded

meanjzh Mean current helicity (Bz contribution) Hc ∝ 1
N

∑
Bz · Jz 46.73 Discarded

totfy Sum of y-component of Lorentz force Fy ∝
∑

ByBzdA 28.92 Discarded

meanjzd Mean vertical current density Jz ∝ 1
N

∑ (
∂By

∂x − ∂Bx
∂y

)
17.44 Discarded

meanalp Mean characteristic twist parameter, α αtotal ∝
∑

J z ·Bz∑
B2

z
10.41 Discarded

totfx Sum of x-component of Lorentz force Fx ∝ −
∑

BxBzdA 6.147 Discarded

epsy Sum of y-component of normalized Lorentz force δFy ∝ −
∑

ByBz∑
B2 0.647 Discarded

epsx Sum of x-component of normalized Lorentz force δFx ∝
∑

BxBz∑
B2 0.366 Discarded

characterizes the de-projected area of the strong-field pixels,
is an output of this automatic AR detection algorithm. The
R_VALUE parameter, named by Schrijver (2007) as simply
R, characterizes the total unsigned flux near high-gradient AR
polarity inversion lines. We calculate R using the exact same
methodology as Schrijver (2007), who used the line-of-sight
component of the magnetic field.

Figure 1 shows SHARP data for NOAA AR 11429, which
produced an X5.4-class flare on 2012 March 7 at 00:24:00 TAI.
The first three panels show the inverted and disambiguated data
wherein the vector B has been remapped to a cylindrical equal-
area (CEA) projection and decomposed into Bφ , Bθ , and Br,
respectively, in standard heliographic spherical coordinates [êr,
êθ , êφ] following Equation (1) of Gary & Hagyard (1990).
The fourth panel shows the continuum intensity data for the
same region at the same time. The fifth panel shows the result
of the AR automatic detection algorithm employed to create
the SHARP data series (Turmon et al. 2010). This detection
algorithm operates on the line-of-sight magnetic field images
and creates a bitmap to encode membership in the orange-
colored coherent magnetic structure. As such, the detection
algorithm’s definition of an AR is not necessarily the same as
NOAA’s definition of an AR. At times, the detection algorithm
will combine into one AR what NOAA defines as multiple ARs.

All of the AR parameters, except for R, are calculated on the
pixels identified as white in panel (7) of Figure 1. These pixels

are defined as both those that (1) reside within the orange-
colored magnetic structure identified in panel (5) and (2) satisfy
a high-confidence disambiguation threshold (indicated by the
white pixels in panel (6); see Hoeksema et al. 2014 for more
details). R is calculated using the result of an algorithm that
is designed to automatically identify the polarity inversion line
(Schrijver 2007), the result of which is shown in the eighth panel
of Figure 1.

It is important to note that the AR parameters are highly
sensitive to which pixels contribute to their calculation. The
mask represented by panel (7) may not be the best choice due
to the presence of some weak-field pixels, which contain low
signal-to-noise. It is worthwhile to study how to optimize this
mask such that it yields the strongest pre-flare signature per
AR parameter. It is also noticeable that the AR parameters are
sensitive to the periodicity in magnetic field strength due to the
orbital velocity of SDO. This periodicity is described in detail in
Section 7.1.2 of Hoeksema et al. (2014). Finally, the parameters
are slightly sensitive to the errors introduced by mapping the
vector magnetic field data from CCD to CEA coordinates,
which can be estimated using Equation (9) in Sun (2013). In
general, the deviation between the true vector B and the mapped
vector B is less than a few degrees for ARs that are less than
45 deg2 and near central meridian. As previously mentioned,
we reject all ARs outside of the area within ±68◦ of the central
meridian.
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[Bobra & Couvidat 2015; also Bobra & Ilonidis 2016, Nishizuka+ 2017]
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3. Modeling

SHARPs – Space-Weather HMI Active Region Patches 3553

Figure 1 The results of the active-region automatic detection algorithm applied to the data on 13 January
2013 at 00:48 TAI. NOAA active-region numbers are labeled in blue near the Equator, next to arrows indi-
cating the hemisphere; the HARP number is indicated inside the rectangular bounding box at the upper right.
Note that HARP 2360 (lower right, in green) includes two NOAA active regions, 11650 and 11655. The col-
ored patches show coherent magnetic structures that comprise the HARP. White pixels have a line-of-sight
field strength above a line-of-sight magnetic-field threshold (Turmon et al., 2014). Blue ‘+’ symbols indicate
coordinates that correspond to the reported center of a NOAA active region. The temporal life of a definitive
HARP starts when it rotates onto the visible disk or two days before the magnetic feature is first identified in
the photosphere. As such, empty boxes, e.g. HARP 2398 (on the left), represent patches of photosphere that
will contain a coherent magnetic structure at a future time.

3. SHARP Coordinates: CCD Cutouts and Cylindrical Equal-Area Maps

HMI data series use standard World Coordinate System (WCS) for solar images (Thomp-
son, 2006). SHARP data series are available in either of two coordinate systems: one is
effectively cut out directly from corrected full-disk images, which are in helio-projective
Cartesian CCD image coordinates, and the other is remapped from CCD coordinates to a
heliographic Cylindrical Equal-Area (CEA) projection centered on the patch. Table 2 lists
the four available SHARP data series.

Auto-detection of ARs [Bobra et al. 2014]



• Energy storage and flare prediction
• SHARP parameters predict flares and CMEs well… WHY?
• ↑ calculated from HMI vector magnetogram for each AR
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ByBzdA 28.92 Discarded

meanjzd Mean vertical current density Jz ∝ 1
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characterizes the de-projected area of the strong-field pixels,
is an output of this automatic AR detection algorithm. The
R_VALUE parameter, named by Schrijver (2007) as simply
R, characterizes the total unsigned flux near high-gradient AR
polarity inversion lines. We calculate R using the exact same
methodology as Schrijver (2007), who used the line-of-sight
component of the magnetic field.

Figure 1 shows SHARP data for NOAA AR 11429, which
produced an X5.4-class flare on 2012 March 7 at 00:24:00 TAI.
The first three panels show the inverted and disambiguated data
wherein the vector B has been remapped to a cylindrical equal-
area (CEA) projection and decomposed into Bφ , Bθ , and Br,
respectively, in standard heliographic spherical coordinates [êr,
êθ , êφ] following Equation (1) of Gary & Hagyard (1990).
The fourth panel shows the continuum intensity data for the
same region at the same time. The fifth panel shows the result
of the AR automatic detection algorithm employed to create
the SHARP data series (Turmon et al. 2010). This detection
algorithm operates on the line-of-sight magnetic field images
and creates a bitmap to encode membership in the orange-
colored coherent magnetic structure. As such, the detection
algorithm’s definition of an AR is not necessarily the same as
NOAA’s definition of an AR. At times, the detection algorithm
will combine into one AR what NOAA defines as multiple ARs.

All of the AR parameters, except for R, are calculated on the
pixels identified as white in panel (7) of Figure 1. These pixels

are defined as both those that (1) reside within the orange-
colored magnetic structure identified in panel (5) and (2) satisfy
a high-confidence disambiguation threshold (indicated by the
white pixels in panel (6); see Hoeksema et al. 2014 for more
details). R is calculated using the result of an algorithm that
is designed to automatically identify the polarity inversion line
(Schrijver 2007), the result of which is shown in the eighth panel
of Figure 1.

It is important to note that the AR parameters are highly
sensitive to which pixels contribute to their calculation. The
mask represented by panel (7) may not be the best choice due
to the presence of some weak-field pixels, which contain low
signal-to-noise. It is worthwhile to study how to optimize this
mask such that it yields the strongest pre-flare signature per
AR parameter. It is also noticeable that the AR parameters are
sensitive to the periodicity in magnetic field strength due to the
orbital velocity of SDO. This periodicity is described in detail in
Section 7.1.2 of Hoeksema et al. (2014). Finally, the parameters
are slightly sensitive to the errors introduced by mapping the
vector magnetic field data from CCD to CEA coordinates,
which can be estimated using Equation (9) in Sun (2013). In
general, the deviation between the true vector B and the mapped
vector B is less than a few degrees for ARs that are less than
45 deg2 and near central meridian. As previously mentioned,
we reject all ARs outside of the area within ±68◦ of the central
meridian.
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• Energy storage and flare prediction
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SHARP parameters
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Figure 12. (Top) Six sample diagrams showing free magnetic energy ∆Emag/E0 vs. SHARP parameters, which are totusjh
(total unsigned current helicity), totpot (total photospheric magnetic free energy density), meangbt (mean gradient of total
field), meanjzd (mean vertical current density), epsy (sum of y-component of normalized Lorentz force), and epsx (sum of
x-component of normalized Lorentz force): see Table 1 for detailed formulae. For the four simulations, the SHARP parameters
are measured in the horizontal plane at zp/H0 = 2 with time stepping of ∆t/τ0 = 2 after the flux appears at zp/H0 = 2.
Correlation coefficient, CC, calculated on the log-log plot is shown at the bottom right of each diagram. (Bottom) Scatter plot
of absolute CC for all 25 SHARP parameters vs. F -score given by Bobra & Couvidat (2015), which indicates how well a given
parameter predicts flare events.
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Figure 12. (Top) Six sample diagrams showing free magnetic energy ∆Emag/E0 vs. SHARP parameters, which are totusjh
(total unsigned current helicity), totpot (total photospheric magnetic free energy density), meangbt (mean gradient of total
field), meanjzd (mean vertical current density), epsy (sum of y-component of normalized Lorentz force), and epsx (sum of
x-component of normalized Lorentz force): see Table 1 for detailed formulae. For the four simulations, the SHARP parameters
are measured in the horizontal plane at zp/H0 = 2 with time stepping of ∆t/τ0 = 2 after the flux appears at zp/H0 = 2.
Correlation coefficient, CC, calculated on the log-log plot is shown at the bottom right of each diagram. (Bottom) Scatter plot
of absolute CC for all 25 SHARP parameters vs. F -score given by Bobra & Couvidat (2015), which indicates how well a given
parameter predicts flare events.
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Figure 12. (Top) Six sample diagrams showing free magnetic energy ∆Emag/E0 vs. SHARP parameters, which are totusjh
(total unsigned current helicity), totpot (total photospheric magnetic free energy density), meangbt (mean gradient of total
field), meanjzd (mean vertical current density), epsy (sum of y-component of normalized Lorentz force), and epsx (sum of
x-component of normalized Lorentz force): see Table 1 for detailed formulae. For the four simulations, the SHARP parameters
are measured in the horizontal plane at zp/H0 = 2 with time stepping of ∆t/τ0 = 2 after the flux appears at zp/H0 = 2.
Correlation coefficient, CC, calculated on the log-log plot is shown at the bottom right of each diagram. (Bottom) Scatter plot
of absolute CC for all 25 SHARP parameters vs. F -score given by Bobra & Couvidat (2015), which indicates how well a given
parameter predicts flare events.
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Figure 12. (Top) Six sample diagrams showing free magnetic energy ∆Emag/E0 vs. SHARP parameters, which are totusjh
(total unsigned current helicity), totpot (total photospheric magnetic free energy density), meangbt (mean gradient of total
field), meanjzd (mean vertical current density), epsy (sum of y-component of normalized Lorentz force), and epsx (sum of
x-component of normalized Lorentz force): see Table 1 for detailed formulae. For the four simulations, the SHARP parameters
are measured in the horizontal plane at zp/H0 = 2 with time stepping of ∆t/τ0 = 2 after the flux appears at zp/H0 = 2.
Correlation coefficient, CC, calculated on the log-log plot is shown at the bottom right of each diagram. (Bottom) Scatter plot
of absolute CC for all 25 SHARP parameters vs. F -score given by Bobra & Couvidat (2015), which indicates how well a given
parameter predicts flare events.
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Figure 12. (Top) Six sample diagrams showing free magnetic energy ∆Emag/E0 vs. SHARP parameters, which are totusjh
(total unsigned current helicity), totpot (total photospheric magnetic free energy density), meangbt (mean gradient of total
field), meanjzd (mean vertical current density), epsy (sum of y-component of normalized Lorentz force), and epsx (sum of
x-component of normalized Lorentz force): see Table 1 for detailed formulae. For the four simulations, the SHARP parameters
are measured in the horizontal plane at zp/H0 = 2 with time stepping of ∆t/τ0 = 2 after the flux appears at zp/H0 = 2.
Correlation coefficient, CC, calculated on the log-log plot is shown at the bottom right of each diagram. (Bottom) Scatter plot
of absolute CC for all 25 SHARP parameters vs. F -score given by Bobra & Couvidat (2015), which indicates how well a given
parameter predicts flare events.
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Figure 12. (Top) Six sample diagrams showing free magnetic energy ∆Emag/E0 vs. SHARP parameters, which are totusjh
(total unsigned current helicity), totpot (total photospheric magnetic free energy density), meangbt (mean gradient of total
field), meanjzd (mean vertical current density), epsy (sum of y-component of normalized Lorentz force), and epsx (sum of
x-component of normalized Lorentz force): see Table 1 for detailed formulae. For the four simulations, the SHARP parameters
are measured in the horizontal plane at zp/H0 = 2 with time stepping of ∆t/τ0 = 2 after the flux appears at zp/H0 = 2.
Correlation coefficient, CC, calculated on the log-log plot is shown at the bottom right of each diagram. (Bottom) Scatter plot
of absolute CC for all 25 SHARP parameters vs. F -score given by Bobra & Couvidat (2015), which indicates how well a given
parameter predicts flare events.

3. Modeling

• Flare-predictive parameters
→ Strong correlation with free energy

• Non-predictive parameters
→ Almost NO correlation

SHARP parameters in the 
photosphere can measure the 
free energy in the corona and 
thus predict flares accurately.



• Observation
• All ≥M5.0-class flares for 6 years → 51 flares from 29 ARs
• >80% contain δ-spots, ~15% violate Hale’s rule
• Categorization into four types, and many more…

Toriumi et al. 2017

4. Summary

Movie courtesy of M. DeRosa

• Modeling
• FE simulations → δ-spots with sheared PILs
• PIL created by advection → stretching → compression
• Flare-predictive SHARP parameters reflect stored free energy

Toriumi & Takasao 2017

Complexity and interaction of subsurface 
emerging flux produce flaring ARs



Thank you for your attention!


