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� Motivation of This Study

 What should we do, fully utilizing the performance of the high  
 polarimetric accuracy of Hinode/SOT/SP ?



� Motivation of This Study

All papers with SP data published  
by Japanese researchers/students 
as first authors

Hinode/SOT has only SP now after Feb.  
2016, using 54% telemetry of Hinode.

More papers with SP data are important  
for extension of Hinode mission and  
keeping our motivation of operation.

 What should we do, fully utilizing the performance of the high  
 polarimetric accuracy of Hinode/SOT/SP ?



� Motivation of This Study

Hinode data accumulation for 10 years since 2006
SP data — highest polarimetric accuracy and constant data quality from space

good for statistical analysis

sunspot field strength
typically 3,000 G

 How large is the strongest ? 

 What should we do, fully utilizing the performance of the high  
 polarimetric accuracy of Hinode/SOT/SP ?



� What I Did First

to investigate magnetic field strengths and their properties  
of all sunspots observed by Hinode

 15,302 scans  9,187 scans  4,566 scans 
all data < 600” from disk center sunspots included

[used data]   SP level-2 data provided by HAO

MERLIN inversion, limited field strength 5,000 G 
partially used MEKSY inversion data (by NAOJ) for pixels > 5,000 G

= Milne-Eddington Katsukawa Shimojo Yokoyama 
   (submitted in 2008, and accepted as Yokoyama+2019 !)

Oct. 25, 2006 — September 16, 2016

 419 ARs 
AR number

( field strength, azimuth, inclination, Doppler velocity, filling factor )



� What I Did First

 419 ARs 

▶ pick up the largest field strength of each AR 

- location 
- spectral shape 
- close to PIL 
- redshift at the location 
- horizontal flow toward the location 
- fitting result 
- filling factor

[umbra] [penumbra] in large sunspot 
[umbra] [outside umbra] in small ss. 
[light bridge]

▶ extract physical parameters and locations of the strongest field

→ Ranking list of sunspot field strength



� Ranking Top 30

1 AR 11967 2014.02.04 (+248 -115) VVV  light br o o o O -mul 6251 G 
2 AR 11882 2013.10.28 (-464 -225) VVV  light br o o o O     5046 G
3 AR 11302 2011.09.30 (+331 + 93) \_/  light br o o o X     4991 G --> 4055 G 
4 AR 12297 2015.03.12 (- 77 -168) \_/  light br o o o X     4985 G --> 4049 G 
5 AR 11944 2014.01.05 (-509 -111)  V   lb/p (s) o o o X -mul 4915 G --> 3306 G 
6 AR 11974 2014.02.14 (+356 -112) VVV  light br o o o X     4855 G --> 4225 G 
7 AR 10930 2006.12.09 (-410 - 93) ww-IV umbra      O     4836 G  
8 AR 11515 2012.07.05 (+437 -350) ww-I penumbra o o o X -mul 4807 G --> 3913 G 
9 AR 12192 2014.10.25 (+275 -323) ww-IV umbra      O     4743 G  

10 AR 11899 2013.11.21 (+574 + 51) ww-IV umbra      O     4702 G  
11 AR 11045 2010.02.09 (+362 +461) VVV  light br o o o O -mul 4692 G  
12 AR 11560 2012.09.03 (+368 - 87) \_/  penumbra o o o X     4691 G --> 3817 G 
13 AR 12546 2016.05.22 (+418 -143) ww-IV umbra      N     4684 G  
14 AR 12209 2014.11.19 (-199 -307) \_/  penumbra o o o O -mul 4673 G  
15 AR 12080 2014.06.07 (-222 -218)  V   penumbra o o o X -mul 4542 G  
16 AR 11429 2012.03.07 (-491 +381) \_/  penumbra  o o X -mul 4503 G  
17 AR 11476 2012.05.09 (-554 +220) \_/  light br o o o O     4477 G  
18 AR 11890 2013.11.10 (+337 -267) \_/  light br o o o X     4461 G --> 3708 G 
19 AR 11785 2013.07.07 (-114 -256) \_/  penumbra o o o X     4365 G --> 3601 G 
20 AR 11339 2011.11.06 (-387 +259) \_/  penumbra o o o X     4363 G --> 3679 G 
21 AR 12497 2016.02.12 (+340 +310) VVV  light br o o o O     4349 G  
22 AR 12422 2015.09.27 (+221 -458) \_/  light br o o o X     4320 G --> 4700 G 
23 AR 11166 2011.03.10 (+339 +257) \_/  penumbra o o o X -mul 4271 G --> 3249 G 
24 AR 12529 2016.04.12 (-283 +245) ww-IV umbra      N     4262 G  
25 AR 11748 2013.05.17 (-455 +193) \_/  light br o o o X -mul 4241 G --> 3629 G 
26 AR 12222 2014.11.30 (-224 -350) ww-IV umbra      O     4178 G  
27 AR 10956 2007.05.19 (+ 10 + 61) \_/  lb/p (s) o o o O     4160 G  
28 AR 10923 2006.11.12 (-305 -114) ww-IV umbra      O     4137 G  
29 AR 11161 2011.02.19 (+271 +415) \_/  light br o o o O     4135 G  
30 AR 11263 2011.08.02 (-197 +171) ww-IV umbra      O     4099 G  

AR number date coordinates
spectral 
shape location PIL

redshift
flow

fitting multi 
comp

strength
MERLIN MEKSY
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 How large is the strongest ? 

Answer：6,250 G



� Sunspot with Strongest Magnetic Field

8 Okamoto and Sakurai

Figure 1. Sunspot and its spectra observed with the SOT/SP. (a) A continuum map of the sunspot
scanned around 19 UT on 2014 February 4. North is up and east is to the left. (b) The full Stokes spectra at
the slit position shown with the white line in (a). (c-d) Examples of observed Stokes profiles (black lines and
crosses) and best-fit ones (red lines). Locations 1 and 2 represent the light bridge and the umbra indicated
in (a-b). The numbers in red show the magnetic field strength derived by the MEKSY inversion. The scale
for the Zeeman splitting (in kG) is shown in (b-d).
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Figure 1. Sunspot and its spectra observed with the SOT/SP. (a) A continuum map of the sunspot
scanned around 19 UT on 2014 February 4. North is up and east is to the left. (b) The full Stokes spectra at
the slit position shown with the white line in (a). (c-d) Examples of observed Stokes profiles (black lines and
crosses) and best-fit ones (red lines). Locations 1 and 2 represent the light bridge and the umbra indicated
in (a-b). The numbers in red show the magnetic field strength derived by the MEKSY inversion. The scale
for the Zeeman splitting (in kG) is shown in (b-d).

February 4, 2014 (AR 11967)

clear Zeeman splitting 
in the light bridge

easy to derive the strength  
even without inversion 
6,250 G

not so strong in the umbra, no more than 4,300 G

obs/ME fit

Okamoto & Sakurai 2018, ApJ

 Why does a so-strong field exist outside an umbra ? 
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STRONG SUNSPOT MAGNETIC FIELDS 57

Figure 3. Distribution of maximum field strengths in 12 804 sunspot groups measured at Mt. Wilson
(1917 – 1964) and Rome (1965 – 1974). Seven measurements from Table III not included in the Mt.
Wilson and Rome data were added. The dashed histogram is only Mt. Wilson measurements.

1.5%; >4 kG, 0.4% and >4.5 kG, 0.09%. The dashed line represents 11 051 Mt.
Wilson visual measurements alone (corrected above 3600 G according to Table II)
and shows some structure that is hidden in the combined data set. One oddity is a
relative dearth of 2400 G values. Above this value, there is an excess of even values
such as 2800 and 3000 G versus odd values such as 2900 G. Below 2400 G, the
situation is reversed. The odd–even behavior was noted in previous studies of the
measurements (e.g. Houtgast and van Sluiters, 1948). We think that these departures
from smooth behavior are explained in part by the ad hoc correction of measured
fields developed by Hale and Nicholson as noted earlier. If the observers tended
to use even rather than odd-numbered degree values, the odd–even asymmetry and
its reversal at 2400 G could also be explained. The low numbers of Mt. Wilson
measurements at 3700, 4000, and 4400 G are simply a result of coarseness of the
corrections we applied, as listed in Table II.

With the exception of the record 6100 G measurement, the distribution of field
strengths between 3000 and 5300 G in Figure 3 follows a power law with a steep
slope of −9.5 fairly well. The failure of the 6100 G measurement to follow such
a fit suggests that it was either an incorrect measurement (unlikely since the field
was measured as 5900 G, 2 days later) or a very rare event. One might well ar-
gue that the underlying distribution of maximum sunspot field strengths should
be lognormal since that is the distribution that best represents maximum sunspot
umbral areas (Baumann and Solanki, 2005). We cannot easily test that idea since
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Fig. 6. Variation in the maximum magnetic field strength (left), minimum continuum intensity (midddle), and umbral area (right) vs. time. Symbols
show the individual sunspots while the blue filled circles mark the annual averages. The linear fits was performed for individual data points between
the two vertical lines. The dashed vertical lines mark maximum and minimum of cycle 23. Symbols are like in Fig. 3.

Fig. 7. Probability density function of the maximum magnetic field
strength. The red curve is the best-fit normal distribution to the data
using a Bayesian method.

roughly identical within the statistical fluctuations. We then an-
alyzed this synthetic temporal sample in the same manner as
the real data. Using both the Bayesian (Sect. 4.2) and the least-
square methods, we fit a straight line to measure any change of
the mean of Bmax. The test was repeated 100 times. The average
and rms of the resulting slopes were zero and 11 Gyr−1, respec-
tively. The two methods resulted in identical average and rms
slopes. The sample of 100 slopes had a maximum and minimum
of +23 and –26 Gyr−1, respectively. We note that, if one plots all
such artificial solar cycle curves, the width of the region covering
the 100 curves increases toward the end of the cycle as expected
because of the poorer statistics. That means the upper boundary
for statistical fluctuations of less than 30 Gyr−1 as the sole reason
for the observed systematic trend is significantly smaller than the
slope we have derived from the observations.

Second experiment: although the first test showed that the
trend is real, it is not clear how far it is influenced by the statis-
tical fluctuations. We performed a second numerical experiment
to elaborate on this issue. Like the first test, we created artifi-
cial samples of Bmax. The sample size for each year was as in
the first test. The PDF of the Bmax was, however, different for
each year in the sense that the mean value of the PDF was de-
creased by –94 Gyr−1. Because of the lower number of sunspots
at the end of the cycle, it is then possible to get a slope that is
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Fig. 8. Yearly sunspot number. The solid line shows the SIDC annual
sunspot number. The filled circles mark the number of TIP maps in
each year.

too flat or too steep compared to the actually imposed slope. The
number of repetitions and the analysis method were identical to
the first experiment. The average and rms of the slopes derived
in the second experiment were –94 and 12 Gyr−1, respectively,
both for the Bayesian and least-square methods. The maximum
and minimum slopes of the sample were –68 and –130 Gyr−1,
respectively. That means that with a complete sample the mea-
sured slope can be off by about 36 Gyr−1 in a worst case scenario.

Third experiment: the second experiment showed that, if there
is a real trend in Bmax with the phase of the solar cycle, it is mea-
surable despite the different statistics of sunspots at the maxi-
mum and minimum of the cycle. However, we do not have all of
the sunspots in our sample, only those that were observed with
TIP. This can introduce a significantly larger uncertainty in the
derived slope compared to the second experiment. Therefore, we
repeated the second numerical test with one change: instead of
using the annual sunspot number of SIDC, we used the statistics
of the TIP sample. The resulting slopes then spanned a range be-
tween –130 and –66 Gyr−1 with an average of –84 and a standard
deviation of 9 Gyr−1. This means the statistics of the TIP sam-
ple has about the same amount of uncertainty as the complete
sample with a caveat that it underestimates the correct trend by
10 Gyr−1, well within the 1σ range of 14 Gyr−1. This ensures us
that the slope of –94 Gyr−1 is significant and measurable with
the statistics of our sample.
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R. Rezaei et al.: Sunspot variations between 1999 and 2011 as observed with TIP

Fig. 2. Example of TIP scans. Top: sunspot on 24 May 2001, recorded
in Fe I 1089.6 nm with CT correction. Bottom: sunspot on 17 July 2011,
recorded in Si I 1082.7 nm with AO image stabilization. Tick marks are
in arcseconds.

polarization signal, σ, was estimated in a continuum band. After
that, the amount of separation between the two lobes of Stokes-V
was measured for all locations on the map with a maximum
Stokes-V amplitude larger than 12σ. “Lobes” were defined as
local maxima in the polarization signal of Stokes-V that a) were
larger than the five wavelength pixels to the left and right and b)
had an amplitude above the 12-σ level (cf. Beck 2006; Rezaei
et al. 2008). This conservative threshold ensures that we only an-
alyze clear antisymmetric Stokes-V profiles with a drawback that
we have some gaps in the maps in the neutral lines of Stokes-V
where the polarization signal strongly decreases. Because there
are only a few data sets close to the limb (µ < 0.5), the neutral
line only passed through the umbra in a couple of cases. In par-
ticular, the missing values in the neutral line do not affect our
results concerning the maximum magnetic field strength in um-
brae. Whenever the profile exhibited more than two lobes, the
two lobes most separated in wavelength were selected. Finally,
we constructed maps of the magnetic field strength from the de-
termined location of the two lobes in the Stokes-V profiles and
the spectral dispersion in the strong field approximation (Stix
2002; Landi degl’Innocenti & Landolfi 2004):

B =
∆λ

4.67 × 10−12 λ2 geff
(1)

where λ and ∆λ are in nm and B is in Gauss. In the strong field
limit, the separation of the two lobes is independent of the incli-
nation angle, hence of the location of the spot on the disk. The
signal amplitude is, however, affected by the inclination angle,
but we do not use it here. In a plot of the maximum field strength
vs. cosine of the heliocentric angle (not shown here), we did not
find any significant trend.

The uncertainty of the estimated field strength was calcu-
lated using standard error propagation applied to Eq. (1). The
main source of uncertainty stems from the measurements of the
separation of the lobes, whereas the effective Landé factor and
the rest wavelength are known with high accuracy. We assumed
an error of 0.1 pixels in the derivation of the position. This trans-
lates then into a (random error) σB of about 20 to 60 G, depend-

ing on the wavelength range and the dispersion of the spectra.
The value is comparable to the formal error attributed to field
strength in inversions of the Fe I line at 1564.8 nm (Beck et al.
2007). There are also systematic errors caused by gradients of
the field strength with height in the atmosphere. With a typi-
cal measured vertical gradient of the magnetic field strength of
1−2 G km−1 (e.g., Schmidt & Balthasar 1994; Westendorp Plaza
et al. 2001), this systematic error amounts to some 20−40 G dif-
ference in the measurements between µ = 1 and µ = 0.5.

Besides the maps of the magnetic field strength, we also de-
termined the continuum intensity and the area of each sunspot.
To define the umbra and penumbra, we produced at first an
umbral mask using a variable threshold in continuum inten-
sity. Using a fixed threshold did not produce satisfactory re-
sults because the umbral contrast varies with wavelength (e.g.,
Mattig 1971; Albregtsen & Maltby 1981; Chapman & Meyer
1981; Maltby et al. 1986; Tritschler & Schmidt 2002). Using
those (initial) masks, we constructed contours for the umbra and
penumbra manually. Light bridges were excluded from the um-
bral masks. In some data sets, such as shown in the top panel of
Fig. 2, the penumbra was not covered completely, so the penum-
bral area and the total sunspot area are underestimated in a few
cases. The continuum intensities were not corrected for the limb-
darkening effect. There was no significant trend in the minimum
continuum intensity vs. the cosine of the heliocentric angle.

A code was attributed to each spot describing its type in
terms of complexity, completeness, and similar morphological
characteristics (see Sect. 4.1). In the case of complex active re-
gions (e.g., the top panel of Fig. 2), only the largest spot in the
map was selected.

The continuum intensity sample is not fully homogeneous
because we have the continuum intensity in two different wave-
length windows (1.1 and 1.6µm). As mentioned above, sunspots
have higher contrasts at shorter wavelengths. We multiplied the
continuum intensity of sunspots at 1.1µm with a factor of 1.3 to
have the same scale as in 1.6 µm, both in scatter plots and his-
tograms (Sect. 4). This coefficient of relative umbral intensities
of 1.3 corresponds to an umbral temperature of about 4200 K.
The intensities in each wavelength range were normalized to the
intensity in the QS surroundings of the sunspot. For a tempera-
ture of about 6000 K in the QS, the ratio of continuum intensities
in the Planck curve is IQS(λ = 1100 nm)/IQS(λ = 1565 nm) ∼
2.77; i.e., the intensity at the shorter wavelength has to be mul-
tiplied by 2.77 to be normalized to IQS(λ = 1565 nm). This
yields a relative umbral intensity Iumbra(λ = 1100 nm)/IQS(λ =
1565 nm) = 1/1.3 · 2.77 ∼ 2.13, when the umbral intensity
at 1565 nm is set to unity. A ratio of 2.13 in the intensities
I(λ = 1100 nm)/I(λ = 1565 nm) is obtained in the Planck curve
for T = 4165 K. The value fits to previous determinations of um-
bral temperatures (e.g., Maltby et al. 1986; Collados et al. 1994;
Mathew et al. 2003; Solanki 2003; Sánchez Cuberes et al. 2005;
Beck 2008).

4. Results

4.1. Empirical relations

Figure 3 shows the scatter plot of the minimum umbral intensity
vs. the maximum field strength, Bmax. By “minimum” we mean
the average of the ten pixels with the lowest intensity. Similarly
by Bmax, we mean the average of the ten pixels with the largest
field strength. These pixels partly overlap those with the lowest
intensity. Different symbols in the plot indicate morphological
details of each sunspot. Triangles denote sunspots whose penum-
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Figure 2. White light photographs (and a drawing) of strong-field spots. The width of the photographic
panels is about 3.2 arc min.

Poignant to us are the observations of March 1942 (entry 10). On the 2nd, Joe
Hickox observed Mt. Wilson region 7378 and found places where the field was 4800
and 5900 G. Picture Hickox, working at a virtually deserted observatory, deserted
because most of the staff were on leave for war-related activities. In the valley below
bombers were being built for attacks on Germany. Approximately 15 h later, H. von
Klüber’s assistant, a Dr. Haffner, observed the same sunspot. His maximum field
was 4300 G; perhaps the region had evolved. This was in Potsdam on the outskirts
of Berlin. Some of those Southern-California bombers were later to destroy large
sections of Potsdam. Hickox was likely oblivious to these events and von Klüber

54 W. LIVINGSTON ET AL.

Figure 1. Examples of spectra. Top was obtained by J. Harvey (1986) using 525.0 nm on July 13,
1978 and refers to a light bridge in a complex sunspot. Bottom is from Baranovsky and Petrova
(1957) using 630.2 nm on July 18, 1957. Field strengths are based on the total separation of the sigma
components.

Also shown in Figure 1 is J. Harvey’s spectrum of July 13, 1978 (entry 49)
which shows a 4300 G field based on the separation of the sigma components.
There is a strong local Doppler shift at the location of the strongest field. This
sunspot was measured visually at Crimea some hours earlier as having a 3600 G
field in the umbra. It was not measured at Mt. Wilson. Photographs exposed to show
the umbral intensity indicate it was darkest adjacent to the light bridge in which the
strong field was detected.

The Kislovodsk observation (entry 45) of Shpitalnaya et al. (Shpitalnaya,
Makarov, and Den, 1973) is unique in that the field was recorded in 14 differ-
ent Fe lines simultaneously. Values ranged from 4830 to 5300 G from which they
conclude a field of 5150±150 G. The authors also include white light, Hα, and Ca K
pictures of the region, with the position of interest found abutting a light bridge.

We compared the Potsdam and Mt. Wilson observations for the three 1950
sunspots in Table III. The measurements of all the spots on the disk agreed to
within a few hundred Gauss except for the three strong-field spots. The Potsdam
measurements were about half the field strengths measured at Mt. Wilson. However,
Potsdam measurements were generally systematically smaller than Mt. Wilson at
high field strengths, which Grotrian (1953) attributed to the use of different spectral
lines. We think that this explanation is unlikely. On the other hand, the largest
strength measured during 1946 – 1951 at Potsdam was 3600 G on July 13, 1951.
Mt. Wilson measurements of this sunspot gave essentially the same field strength.
These conflicting results indicate either that the three 1950 measurements from
Mt. Wilson or Potsdam were wrong or that the sunspots changed rapidly. It is also
possible that different parts of the sunspots were measured at the two observatories.

Livingston+2006 Rezaei+2012

1917 – 2004 
Mt. Wilson Observatory 
visible light, Stokes-I 
strongest field — 6,100 G (1942) 
    only 4 examples over 5,000 G 
    under 5,000 G after 1972

1999 — 2011 
VTT/TIP 
infrared, Stokes-V 
strongest field — 3,600 G
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Jaeggli 2016

Figure 2. Parameter maps from a sub-field of the SOT/SP 6302 Å raster observation of NOAA 11035 taken 13:30:05–13:54:20 UT on 2009 December 17.
Continuum intensity (top left) was determined directly. The other parameters are the result of inversion with the 2CMO 1M+SL model: line-of-sight velocity (top
center), magnetic fill fraction (top right), magnetic field strength (bottom left), magnetic field inclination to the line of sight (bottom center), and the magnetic field
azimuth in the plane of the sky (bottom right).

Figure 3. Parameter maps from a sub-field of the FIRS 15650 Å raster observation of NOAA 11035 taken 13:44:51–14:08:46 UT on 2009 December 17. Continuum
intensity (top left) was determined directly. The other parameters are the result of inversion with the 2CMO 1M+SL model: line-of-sight velocity (top center),
magnetic fill fraction (top right), magnetic field strength (bottom left), magnetic field inclination to the line of sight (bottom center), and the magnetic field azimuth in
the plane of the sky (bottom right).
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polarityfield strength

often observed stronger fields  
in light bridges and penumbrae  
sandwiched by opposite-polarity  
regions

unknown mechanism to generate  
such a stronger field

We can investigate the temporal evolution of strong fields existing  
under the similar conditions.

(Tanaka 1991, Zirin+1993, Lites 2002)



� Field Strength in Each Scan
Continuum Absolute field strength |B|

Vertical component Bver Horizontal component Bhor

180-deg ambiguity solved with AZAM (Lites+1995); vector field on local frame

concentration of strong fields 
in the light bridge

light bridge sandwiched by 
opposite-polarity umbrae

strong horizontal field 
max horizontal component 6,190 G

31 scans in February 1-6, 2014

4,000 G 
5,000 
6,000



� Temporal Evolution of the Strong Field Region
gradual decay

reappearance over 6,000 G decay again

northern part of the light bridge

changing orientation 
of the light bridge

（ �����������→ ���������）



� Doppler Velocity and Field Strength

Continuum Vector mag. field Doppler velocity

umbral boundary black bar : strength and orientation of horizontal field

green line — stream(-like) line  
                      along horizontal field

Doppler velocity & vector field 
along green line

umbral boundary

DC 13°

▶ horizontal field parallel to the light bridge

▶ coherent blueshift in the light bridge
7 km/s northward if assumed horizontal flow ~ Evershed flow (penumbra)

▶ redshift, increasing field inclination, and field enhancement 
    at crosspoint of horizontal field and umbral boundary



� Doppler Velocity and Field Strength

similar features seen 
during the observations

Feb. 02 
16:11 UT

Feb. 03 
18:34 UT

Feb. 04 
15:54 UT

Feb. 04 
19:11 UT

at the boundary 
  — blueshift → redshift 
  — inclination increased 
  — field strength enhanced

key structures



� Filling Factor

7 km/s horizontal flow

Feb. 02 
16:11 UT

Filling factor

Filling factor is almost unity 
in the light bridge.
smaller values in typical light bridges

(also mentioned in Leka 1997)

The light bridge is actually a penumbra 
belonging to the southern umbra.



� Interpretation
Fields are enhanced by compression of the northern umbra 
by the penumbral flow from the southern umbra.

The flow prevents the northern umbra from forming its penumbra on its southern side.

northern umbra

4,000 Gthis case

stronger Evershed flow 
from southern umbra

typical penumbra 5,000 G

northern umbra

southern umbra



� Interpretation
Enhanced fields are further intensified by changing  
configuration of two opposite-polarity umbrae.

6,000 G5,000 G

5,000 G region at the  
northern umbra moved  
eastward.

Orientation of the  
penumbra changes  
toward 5,000 G region. 
(N-ward from NW-ward)

northern umbra
stronger Evershed flow 
from southern umbra



� Discussion 1
Is the strong field attributed to flux emergence ?

Sunspots and active regions are always formed by emerging magnetic flux  
coming from the solar interior.

Some apparent features are similar to those  
in the emerging flux scenario.

1-3 km/s blueshift 
redshift at the end of the horizontal fields

The duration of blueshift for 5 days is  
too long for the compact area of the  
light bridge (~30,000 km).

The Doppler velocity was larger when  
the sunspot was far from the DC,  
and smaller when close to the DC.

But, 2 inconsistencies.

at the beginning of our observations (frames 1–4 of Figure 2).
Moreover, those exceeding 5000 G (yellow contours) existed
only at the boundary between the northern umbra and the light

bridge. The light bridge apparently had no clear structures, but
it had an elongated thread-like pattern running from northwest
to southeast.

Figure 2. Time series of the continuum images of the sunspot. Contours indicate the magnetic field strength (green, yellow, and red for 4, 5, and 6 kG). Each panel
shows the direction of and the angular distance to the disk center at the center of the field of view.

Figure 3. Vector magnetic fields and Doppler velocities in the sunspot region. (a) A continuum map. The white contours indicate the boundary of the umbrae. The
same contours are also drawn in black in (b) and (c). (b) A vector magnetogram. The color background (orange for positive and green for negative polarities) and the
black bars show the vertical and the horizontal components of the magnetic field in the solar local frame, respectively. (c)–(f) Time series of Doppler (line-of-sight)
velocity maps (blue and red mean velocities toward and away from us). Velocities exceeding ±2 km s−1 are saturated. The black bars are the horizontal magnetic
fields as in (b). Panels (a)–(c) correspond to frame3 of Figure 2, while panels (d)–(f) correspond to frames5, 7, and 8, respectively. Each panel shows the direction of
and the angular distance to the disk center at the center of the field of view. (g) Horizontal profiles of vector magnetic fields and Doppler velocities along the green
paths shown in (c)–(f). These green paths are drawn along the horizontal magnetic field vectors. The background color (from blue to red) indicates Doppler velocities.
The color bars show the inclination and strength of magnetic field vectors. The vertical black lines represent the boundary of the umbrae.

3
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6.5 - 7.2 km/s at all times as horizontal flows
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Fig. 1. Continuum intensity map (top) and LOS velocity at continuum optical depth unity (bottom) for spot 1 (left) and spot 2 (right). The boxes
indicate the selected regions of interest discussed in the text. The arrow points in the direction of disk center for spot 2. Spot 1 is observed almost
at disc center.

These downflows reach maximum velocities of up to 8 km s−1

in 1.6–6 arcsec2 sized patches in the inner penumbra of a sunspot
and have also been reported by Louis et al. (2012).

Franz & Schlichenmaier (2009) determined downflow veloc-
ities up to 9 km s−1 in the leading spot of NOAA AR 10933, the
same as one of the sunspots, which we investigate in the present
paper. They used line bisectors of the wings of the absorption
lines to assess the flow patterns. Dominating upflow and down-
flow patches observed in the inner and outer penumbra, respec-
tively, were interpreted as the sources and sinks of the Evershed
flow.

In this paper, we re-examine the data used by the above au-
thors, but use a spatially coupled inversion technique (van Noort
2012, Paper I), so that the spectral contamination introduced by
the spatial degradation caused by the telescope is properly taken
into account. We also apply this technique to another sunspot,
the trailing spot of NOAA AR 10953 and compare the observed
downflows with the recent MHD simulations by Rempel (2012).

2. Observations

For this study we use datasets obtained with the spectropo-
larimeter (Lites et al. 2001) of the Hinode Solar Optical

Telescope (SOT/SP, Tsuneta et al. 2008; Kosugi et al. 2007).
The data are scanned slit-spectra of the Fe I lines at 6301.5
and 6302.5 Å, with a typical signal-to-noise level of 1000 and
a spatial sampling of 0.16′′.

We investigate the leading spot of NOAA AR 10933 (spot 1),
observed only 2 degrees off disc center on January 05th 2007
from 1236–1310 UT, and the trailing spot of NOAA AR 10953
(spot 2), observed at position (−342′′, −98′′, µ = cos θ = 0.92)
on April 30th 2007 from 1835–1939 UT (see Fig. 1).

The proximity to disc center of spot 1 aids in the interpreta-
tion of the data and allows us to analyze features from all across
the sunspot without being hindered by projection effects, while
spot 2 allows us to study any possible effects that require a mod-
erately inclined viewing angle. Spot 1 has a positive magnetic
polarity, whereas that of spot 2 is negative. The SP data were pro-
cessed using the standard Hinode reduction tools from SolarSoft.

3. Inversions

The data were inverted using the SPINOR inversion code
(Frutiger 2000; Frutiger et al. 2000), based on the STOPRO rou-
tines (Solanki 1987), in the spatially coupled mode described in
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Fig. 3. Observed (black), fitted (green) and convolved fitted (red) profiles at an “untypical” location [x, y] = [−13 .′′36,−17 .′′28] in box (3) in Fig. 1
where the observed profiles show clear signs of multiple components. Clearly the coupled inversion fit captures the basic behavior of the profile
well. Also note the very large differences between the convolved profiles and the actual ones. The locally fit values at optical depth unity are
T = 6.4 kK, B = 7.5 kG, γ = 30◦ and vlos = 10.9 km s−1.
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Fig. 4. Selected region of spot 1, indicated by a black square in Fig. 1, at the native sampling of Hinode SP (top) and interpolated to 0 .′′08/pixels
prior to inversion (bottom). From left to right: temperature [K], magnetic field strength [G], inclination [◦], and line-of-sight velocity [km s−1], all
at 10 log τc = 0. Clearly visible is the increased coherence of the structures and reduced overall noise in almost all parameters retrieved from the
interpolated data.
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Stokes I

Stokes U

Stokes Q

Stokes V

Discussion 2

— Hinode/SOT/SP 
— simultaneous inversion over 2D region  
     considered PSF 
— SPINOR code, 3 node atmospheric model

The unconvolved Stokes Q and U profiles are far from the observed ones.

7,500 G by van Noort+2013

AR 10953

black — observed profile 
red — fitted profile (convolved)

green — unconvolved fitted profile 
                at a single location

multi-components of Doppler velocity along LOS ? 
spurious components with strong field made by image deconvolution ?
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Fig. 1. Continuum intensity map (top) and LOS velocity at continuum optical depth unity (bottom) for spot 1 (left) and spot 2 (right). The boxes
indicate the selected regions of interest discussed in the text. The arrow points in the direction of disk center for spot 2. Spot 1 is observed almost
at disc center.

These downflows reach maximum velocities of up to 8 km s−1

in 1.6–6 arcsec2 sized patches in the inner penumbra of a sunspot
and have also been reported by Louis et al. (2012).

Franz & Schlichenmaier (2009) determined downflow veloc-
ities up to 9 km s−1 in the leading spot of NOAA AR 10933, the
same as one of the sunspots, which we investigate in the present
paper. They used line bisectors of the wings of the absorption
lines to assess the flow patterns. Dominating upflow and down-
flow patches observed in the inner and outer penumbra, respec-
tively, were interpreted as the sources and sinks of the Evershed
flow.

In this paper, we re-examine the data used by the above au-
thors, but use a spatially coupled inversion technique (van Noort
2012, Paper I), so that the spectral contamination introduced by
the spatial degradation caused by the telescope is properly taken
into account. We also apply this technique to another sunspot,
the trailing spot of NOAA AR 10953 and compare the observed
downflows with the recent MHD simulations by Rempel (2012).

2. Observations

For this study we use datasets obtained with the spectropo-
larimeter (Lites et al. 2001) of the Hinode Solar Optical

Telescope (SOT/SP, Tsuneta et al. 2008; Kosugi et al. 2007).
The data are scanned slit-spectra of the Fe I lines at 6301.5
and 6302.5 Å, with a typical signal-to-noise level of 1000 and
a spatial sampling of 0.16′′.

We investigate the leading spot of NOAA AR 10933 (spot 1),
observed only 2 degrees off disc center on January 05th 2007
from 1236–1310 UT, and the trailing spot of NOAA AR 10953
(spot 2), observed at position (−342′′, −98′′, µ = cos θ = 0.92)
on April 30th 2007 from 1835–1939 UT (see Fig. 1).

The proximity to disc center of spot 1 aids in the interpreta-
tion of the data and allows us to analyze features from all across
the sunspot without being hindered by projection effects, while
spot 2 allows us to study any possible effects that require a mod-
erately inclined viewing angle. Spot 1 has a positive magnetic
polarity, whereas that of spot 2 is negative. The SP data were pro-
cessed using the standard Hinode reduction tools from SolarSoft.

3. Inversions

The data were inverted using the SPINOR inversion code
(Frutiger 2000; Frutiger et al. 2000), based on the STOPRO rou-
tines (Solanki 1987), in the spatially coupled mode described in
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Fig. 3. Observed (black), fitted (green) and convolved fitted (red) profiles at an “untypical” location [x, y] = [−13 .′′36,−17 .′′28] in box (3) in Fig. 1
where the observed profiles show clear signs of multiple components. Clearly the coupled inversion fit captures the basic behavior of the profile
well. Also note the very large differences between the convolved profiles and the actual ones. The locally fit values at optical depth unity are
T = 6.4 kK, B = 7.5 kG, γ = 30◦ and vlos = 10.9 km s−1.
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Fig. 4. Selected region of spot 1, indicated by a black square in Fig. 1, at the native sampling of Hinode SP (top) and interpolated to 0 .′′08/pixels
prior to inversion (bottom). From left to right: temperature [K], magnetic field strength [G], inclination [◦], and line-of-sight velocity [km s−1], all
at 10 log τc = 0. Clearly visible is the increased coherence of the structures and reduced overall noise in almost all parameters retrieved from the
interpolated data.
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Stokes Q

Stokes V

Discussion 2

— Hinode/SOT/SP 
— simultaneous inversion over 2D region  
     considered PSF 
— SPINOR code, 3 node atmospheric model

The unconvolved Stokes Q and U profiles are far from the observed ones.

7,500 G by van Noort+2013

AR 10953

black — observed profile 
red — fitted profile (convolved)

green — unconvolved fitted profile 
                at a single location

multi-components of Doppler velocity along LOS ? 
spurious components with strong field made by image deconvolution ?

“The very high values of the 
magnetic field strength are 
predominantly based on the 
very broad wings of the Stokes 
V profiles that can only be 
produced by a strong magnetic 
field near optical depth unity.”

8 Okamoto and Sakurai

Figure 1. Sunspot and its spectra observed with the SOT/SP. (a) A continuum map of the sunspot
scanned around 19 UT on 2014 February 4. North is up and east is to the left. (b) The full Stokes spectra at
the slit position shown with the white line in (a). (c-d) Examples of observed Stokes profiles (black lines and
crosses) and best-fit ones (red lines). Locations 1 and 2 represent the light bridge and the umbra indicated
in (a-b). The numbers in red show the magnetic field strength derived by the MEKSY inversion. The scale
for the Zeeman splitting (in kG) is shown in (b-d).

un-fitted high-velocity redshift component → hidden stronger component ?

Okamoto+2018



� Discussion 3
Counter-Evershed flow 

AR 10930

A. Siu-Tapia et al.: Normal and counter Evershed flows in the photospheric penumbra of a sunspot

(a) (b)

(c) (d)

Fig. 1. Stokes maps observed by the Hinode SOT/SP in the main sunspot of the NOAA AR 10930 on December 08, 2006. Panel a: continuum
intensity Ic normalized to the mean continuum value in the quiet sun, IQS. Panels b, c, and d: maps of the Stokes parameters Q, U, and V ,
respectively, normalized to local Ic. The Stokes Q, U and V maps were constructed at �0.1 Å from the 6302.5 Å line core (the selected wavelength
is indicated by vertical green lines in Fig. 2). The umbra-penumbra boundary (black solid contour) was placed at Ic/IQS = 0.26 and the external
penumbral boundary (black dashed contour) is at Ic/IQS = 0.94. The cyan arrows point towards the disk center. Red markers show three selected
pixels, one located in the limb-side penumbra (“*”), and two located in the center-side penumbra (“x” and “+”, respectively); their corresponding
Stokes profiles are shown in Figs. 2a, b, and c, respectively. The yellow cross shows a pixel close to the inner penumbral boundary where the
inversions give B > 7 kG at log(⌧) = 0 and whose Stokes profiles are shown in Fig. 2d.

vary at all three height nodes, which were placed at log(⌧) =
0.0,�0.8 and �2.0, respectively. The stratifications are then ex-
trapolated linearly above log(⌧) = �2.0 up to log(⌧) = �4.0, and
below log(⌧) = 0 down to log(⌧) ⇠ 1.3.

The inversion returns very large field strengths, in excess
of 7 kG, in about 200 pixels located near the umbra/penumbra
boundary of the center-side penumbra (see e.g. yellow mark-
ers on Fig. 5b). Figure 2d shows the observed Stokes profiles
(dashed lines) in one of those pixels (yellow marker on the
maps of Fig. 1). These profiles are highly complex since they

exhibit large asymmetries and multi-lobed Stokes V profiles,
which causes their best-fits from the inversion to be not nearly
as good as in most of the penumbral pixels. The SPINOR 2D
best-fits to these profiles (solid red lines) feature very large line-
of-sight velocities and magnetic field strengths at all three height
nodes in order to reproduce the large wavelength separation in
terms of the Zeeman splitting: vLOS ⇠ 9.3 km s�1 and B ⇠ 8.3 kG
at log(⌧) = 0.

These unusually strong penumbral magnetic fields are not
new, as they have been previously observed in supersonic
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A&A 607, A36 (2017)

Fig. 3. SPINOR 2D inverted parameters at three photospheric layers. From left to right: log(⌧) = �2.0, �0.8 and 0. From top to bottom: temperature
T (K); magnetic field intensity B (G); line-of-sight velocity vLOS (km s�1); and the micro-turbulence velocity vMIC (km s�1). In all maps, the black
thick contour encloses a penumbral region where a counter EF is observed. The white arrows on the temperature maps point towards the disk
center. Black crosses on the B maps indicate the location of a local maximum of the umbral field strength at log(⌧) = 0. Also, the color-bar scale
is sometimes saturated.
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(a) (b)

Fig. 5. Continuum intensity maps of the center-side penumbra. Panel a: black thick contour encloses the CEF region. The colored contour lines
enclose the regions with line-of-sight velocities exceeding 9 km s�1 (red), regions with vLOS < �9 km s�1 (blue), regions where B > 5 kG (cyan)
and regions where T > 6000 K (orange) within the penumbra. The green contours enclose regions where �LRF < 90� and the amplitude of Stokes V

is at least 10�. All contouring was made at log(⌧) = 0. Panel b: yellow marks indicate the location of pixels where the SPINOR 2D inversions
return B � 7 kG at log(⌧) = 0.

are unusual even for a dark umbra (see Livingston & Harvey
2006). We do not include the pixels where B > 7 kG in the
following analysis. Instead, we plan to conduct a more detailed
study on the reality of unusually strong fields found in sunspot
penumbrae. This is beyond the scope of this paper and will be
the topic of future work.

3.1. Filament selection

In order to compare the di↵erences and/or similarities between
the fine-scale structures related to the CEF and the NEF, we in-
vestigate now the generic properties of the filaments that popu-
late the three penumbral regions identified in Fig. 6. For this, we
manually selected six filaments from each of these penumbral
regions.

The individual filaments were selected based on selection
criteria introduced by Tiwari et al. (2013), but adapted to a
sunspot located o↵ the disk center (✓ ⇡ 47�). In our selection
criteria, we use the temperature, the field inclination angle, and
the line-of-sight velocity, at log(⌧) = 0, as follows: (1) The heads
of the filaments are identified by relatively warm upflows and
nearly vertical magnetic fields; (2) the bodies of the filaments
are characterized by more horizontal fields and by the signature
of the Evershed flow in vLOS due to the large heliocentric angle
of the sunspot; and (3) the tails of the filaments are localized in

regions of concentrated downflows and of nearly vertical fields
of opposite polarity to the umbra.

The selection procedure was applied manually by placing
points along the central axis of the filament. A line connecting
these points was then computed using a bi-cubic spline interpo-
lation. The path defined in this way defines the possibly curved
axis, or spine of the filament and was used in the de-stretching
and length normalization of the filament.

To perform the de-stretching and length normalization,
200 equidistant points were placed along the axis of each fila-
ment, after which ten points on a line perpendicular to the tan-
gent were placed at intervals of one pixel (0.0800) on each side of
the path. A cubic interpolation of the inverted parameters in these
points results in a de-stretched, de-rotated and length-normalized
filament, as shown in Fig. 7 for two individual filaments, one
from the center-side NEF and one from the CEF penumbral re-
gions.

With the method described above, a total of 18 penumbral
filaments were selected and de-stretched, 6 inside each of the
three penumbral regions highlighted in Fig. 6. Our original aim
was to select equal numbers of filaments located in the inner,
middle, and outer parts of the penumbra within each highlighted
region. Due to geometrical constraints introduced when using
� as a selection parameter, it turned out to be most reliable to
identify filaments in the inner penumbra in the limb-side NEF
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Umbral boundary  
shows the stronger field 
with more than 7 kG 
by SPINOR inversion.



The above is a result from a few cases.

How about other sunspots ? 
- statistical analysis- 

 Penumbral flows compress umbral fields to enhance the strength. 

redshift

close to PIL

horizontal flow

umbra

opposite-pol. 
umbra

 Why does a so-strong field exist outside an umbra ? 



� Extracting Information

light bridge 
21

penumbra (large) 
46

outside umbra (small) 
38

umbra (small) 
110

umbra (large) 
204

ww 
43

\__/ 
115

V 
86

V V 
17

VVV 
158

49% — umbra in large sunspots  
75% — umbra

Location Spectral shape419 AR

Fitting result

N/A 
9

NG 
36

OK 
374

N/A 
323

close 
96

Close to PIL

N/A 
307

blueshift 
2

redshift 
110

Redshift

N/A 
299

pressing 
21

flow 
99

Horizontal flow



� Ranking Top 30

1 AR 11967 2014.02.04 (+248 -115) VVV  light br o o o O -mul 6251 G 
2 AR 11882 2013.10.28 (-464 -225) VVV  light br o o o O     5046 G
3 AR 11302 2011.09.30 (+331 + 93) \_/  light br o o o X     4991 G --> 4055 G 
4 AR 12297 2015.03.12 (- 77 -168) \_/  light br o o o X     4985 G --> 4049 G 
5 AR 11944 2014.01.05 (-509 -111)  V   lb/p (s) o o o X -mul 4915 G --> 3306 G 
6 AR 11974 2014.02.14 (+356 -112) VVV  light br o o o X     4855 G --> 4225 G 
7 AR 10930 2006.12.09 (-410 - 93) ww-IV umbra      O     4836 G  
8 AR 11515 2012.07.05 (+437 -350) ww-I penumbra o o o X -mul 4807 G --> 3913 G 
9 AR 12192 2014.10.25 (+275 -323) ww-IV umbra      O     4743 G  

10 AR 11899 2013.11.21 (+574 + 51) ww-IV umbra      O     4702 G  
11 AR 11045 2010.02.09 (+362 +461) VVV  light br o o o O -mul 4692 G  
12 AR 11560 2012.09.03 (+368 - 87) \_/  penumbra o o o X     4691 G --> 3817 G 
13 AR 12546 2016.05.22 (+418 -143) ww-IV umbra      N     4684 G  
14 AR 12209 2014.11.19 (-199 -307) \_/  penumbra o o o O -mul 4673 G  
15 AR 12080 2014.06.07 (-222 -218)  V   penumbra o o o X -mul 4542 G  
16 AR 11429 2012.03.07 (-491 +381) \_/  penumbra  o o X -mul 4503 G  
17 AR 11476 2012.05.09 (-554 +220) \_/  light br o o o O     4477 G  
18 AR 11890 2013.11.10 (+337 -267) \_/  light br o o o X     4461 G --> 3708 G 
19 AR 11785 2013.07.07 (-114 -256) \_/  penumbra o o o X     4365 G --> 3601 G 
20 AR 11339 2011.11.06 (-387 +259) \_/  penumbra o o o X     4363 G --> 3679 G 
21 AR 12497 2016.02.12 (+340 +310) VVV  light br o o o O     4349 G  
22 AR 12422 2015.09.27 (+221 -458) \_/  light br o o o X     4320 G --> 4700 G 
23 AR 11166 2011.03.10 (+339 +257) \_/  penumbra o o o X -mul 4271 G --> 3249 G 
24 AR 12529 2016.04.12 (-283 +245) ww-IV umbra      N     4262 G  
25 AR 11748 2013.05.17 (-455 +193) \_/  light br o o o X -mul 4241 G --> 3629 G 
26 AR 12222 2014.11.30 (-224 -350) ww-IV umbra      O     4178 G  
27 AR 10956 2007.05.19 (+ 10 + 61) \_/  lb/p (s) o o o O     4160 G  
28 AR 10923 2006.11.12 (-305 -114) ww-IV umbra      O     4137 G  
29 AR 11161 2011.02.19 (+271 +415) \_/  light br o o o O     4135 G  
30 AR 11263 2011.08.02 (-197 +171) ww-IV umbra      O     4099 G  

AR number date coordinates
spectral 
shape location PIL

redshift
flow

fitting multi 
comp

strength
MERLIN MEKSY



� Ranking Top 30

1 AR 11967 2014.02.04 (+248 -115) VVV  light br o o o O -mul 6251 G 
2 AR 11882 2013.10.28 (-464 -225) VVV  light br o o o O     5046 G
3 AR 11302 2011.09.30 (+331 + 93) \_/  light br o o o X     4991 G --> 4055 G 
4 AR 12297 2015.03.12 (- 77 -168) \_/  light br o o o X     4985 G --> 4049 G 
5 AR 11944 2014.01.05 (-509 -111)  V   lb/p (s) o o o X -mul 4915 G --> 3306 G 
6 AR 11974 2014.02.14 (+356 -112) VVV  light br o o o X     4855 G --> 4225 G 
7 AR 10930 2006.12.09 (-410 - 93) ww-IV umbra      O     4836 G  
8 AR 11515 2012.07.05 (+437 -350) ww-I penumbra o o o X -mul 4807 G --> 3913 G 
9 AR 12192 2014.10.25 (+275 -323) ww-IV umbra      O     4743 G  

10 AR 11899 2013.11.21 (+574 + 51) ww-IV umbra      O     4702 G  
11 AR 11045 2010.02.09 (+362 +461) VVV  light br o o o O -mul 4692 G  
12 AR 11560 2012.09.03 (+368 - 87) \_/  penumbra o o o X     4691 G --> 3817 G 
13 AR 12546 2016.05.22 (+418 -143) ww-IV umbra      N     4684 G  
14 AR 12209 2014.11.19 (-199 -307) \_/  penumbra o o o O -mul 4673 G  
15 AR 12080 2014.06.07 (-222 -218)  V   penumbra o o o X -mul 4542 G  
16 AR 11429 2012.03.07 (-491 +381) \_/  penumbra  o o X -mul 4503 G  
17 AR 11476 2012.05.09 (-554 +220) \_/  light br o o o O     4477 G  
18 AR 11890 2013.11.10 (+337 -267) \_/  light br o o o X     4461 G --> 3708 G 
19 AR 11785 2013.07.07 (-114 -256) \_/  penumbra o o o X     4365 G --> 3601 G 
20 AR 11339 2011.11.06 (-387 +259) \_/  penumbra o o o X     4363 G --> 3679 G 
21 AR 12497 2016.02.12 (+340 +310) VVV  light br o o o O     4349 G  
22 AR 12422 2015.09.27 (+221 -458) \_/  light br o o o X     4320 G --> 4700 G 
23 AR 11166 2011.03.10 (+339 +257) \_/  penumbra o o o X -mul 4271 G --> 3249 G 
24 AR 12529 2016.04.12 (-283 +245) ww-IV umbra      N     4262 G  
25 AR 11748 2013.05.17 (-455 +193) \_/  light br o o o X -mul 4241 G --> 3629 G 
26 AR 12222 2014.11.30 (-224 -350) ww-IV umbra      O     4178 G  
27 AR 10956 2007.05.19 (+ 10 + 61) \_/  lb/p (s) o o o O     4160 G  
28 AR 10923 2006.11.12 (-305 -114) ww-IV umbra      O     4137 G  
29 AR 11161 2011.02.19 (+271 +415) \_/  light br o o o O     4135 G  
30 AR 11263 2011.08.02 (-197 +171) ww-IV umbra      O     4099 G  

AR number date coordinates
spectral 
shape location PIL

redshift
flow

fitting multi 
comp

strength
MERLIN MEKSY

light bridge 
21

penumbra (large) 
46

outside umbra (small) 
38

umbra (small) 
110

umbra (large) 
204



� Ranking Top 30

1 AR 11967 2014.02.04 (+248 -115) VVV  light br o o o O -mul 6251 G 
2 AR 11882 2013.10.28 (-464 -225) VVV  light br o o o O     5046 G
3 AR 11302 2011.09.30 (+331 + 93) \_/  light br o o o X     4991 G --> 4055 G 
4 AR 12297 2015.03.12 (- 77 -168) \_/  light br o o o X     4985 G --> 4049 G 
5 AR 11944 2014.01.05 (-509 -111)  V   lb/p (s) o o o X -mul 4915 G --> 3306 G 
6 AR 11974 2014.02.14 (+356 -112) VVV  light br o o o X     4855 G --> 4225 G 
7 AR 10930 2006.12.09 (-410 - 93) ww-IV umbra      O     4836 G  
8 AR 11515 2012.07.05 (+437 -350) ww-I penumbra o o o X -mul 4807 G --> 3913 G 
9 AR 12192 2014.10.25 (+275 -323) ww-IV umbra      O     4743 G  

10 AR 11899 2013.11.21 (+574 + 51) ww-IV umbra      O     4702 G  
11 AR 11045 2010.02.09 (+362 +461) VVV  light br o o o O -mul 4692 G  
12 AR 11560 2012.09.03 (+368 - 87) \_/  penumbra o o o X     4691 G --> 3817 G 
13 AR 12546 2016.05.22 (+418 -143) ww-IV umbra      N     4684 G  
14 AR 12209 2014.11.19 (-199 -307) \_/  penumbra o o o O -mul 4673 G  
15 AR 12080 2014.06.07 (-222 -218)  V   penumbra o o o X -mul 4542 G  
16 AR 11429 2012.03.07 (-491 +381) \_/  penumbra  o o X -mul 4503 G  
17 AR 11476 2012.05.09 (-554 +220) \_/  light br o o o O     4477 G  
18 AR 11890 2013.11.10 (+337 -267) \_/  light br o o o X     4461 G --> 3708 G 
19 AR 11785 2013.07.07 (-114 -256) \_/  penumbra o o o X     4365 G --> 3601 G 
20 AR 11339 2011.11.06 (-387 +259) \_/  penumbra o o o X     4363 G --> 3679 G 
21 AR 12497 2016.02.12 (+340 +310) VVV  light br o o o O     4349 G  
22 AR 12422 2015.09.27 (+221 -458) \_/  light br o o o X     4320 G --> 4700 G 
23 AR 11166 2011.03.10 (+339 +257) \_/  penumbra o o o X -mul 4271 G --> 3249 G 
24 AR 12529 2016.04.12 (-283 +245) ww-IV umbra      N     4262 G  
25 AR 11748 2013.05.17 (-455 +193) \_/  light br o o o X -mul 4241 G --> 3629 G 
26 AR 12222 2014.11.30 (-224 -350) ww-IV umbra      O     4178 G  
27 AR 10956 2007.05.19 (+ 10 + 61) \_/  lb/p (s) o o o O     4160 G  
28 AR 10923 2006.11.12 (-305 -114) ww-IV umbra      O     4137 G  
29 AR 11161 2011.02.19 (+271 +415) \_/  light br o o o O     4135 G  
30 AR 11263 2011.08.02 (-197 +171) ww-IV umbra      O     4099 G  

AR number date coordinates
spectral 
shape location PIL

redshift
flow

fitting multi 
comp

strength
MERLIN MEKSY

light bridge 
21

penumbra (large) 
46

outside umbra (small) 
38

umbra (small) 
110

umbra (large) 
204



� Extracting Information (example)

location of strongest field

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift

Fitting looks good.

location on diskpenumbra (large ss.) close to PIL

horizontal flow  
toward the location

redshift



� Extracting Information

light bridge 
21

penumbra (large) 
46

outside umbra (small) 
38

umbra (small) 
110

umbra (large) 
204

ww 
43

\__/ 
115

V 
86

V V 
17

VVV 
158

Fitting result

N/A 
9

NG 
36

OK 
374

Location Spectral shape419 AR

N/A 
323

close 
96

Close to PIL

N/A 
307

blueshift 
2

redshift 
110

Redshift

N/A 
299

pressing 
21

flow 
99

Horizontal flow



� Field Strength and Surrounding Environment

89 ARs have all of these 3 features, and they have stronger fields
— close to PIL 
— redshift at the strong field region 
— horizontal flow toward the strong field region

N/A 
323

close 
96

Close to PIL

N/A 
307

blueshift 
2

redshift 
110

Redshift

N/A 
299

pressing 
21

flow 
99

Horizontal flow



� Location and Surrounding Environment

total PIL redshift flow (press) overlap

outside umbra (small) 38 37 34 34 (1) 33
penumbra (large) 46 36 44 43 (1) 35

light bridge 21 21 20 20 (0) 20
umbra (large) 204 2 3 2 (0) 1
umbra (small) 110 0 8 0 (19) 0

total 419 96 109 99 (21) 89

Okamoto & Sakurai 2018

Penumbral flows compress umbral  
fields and enhance magnetic fields.

{
{

84% (88/105) of strongest fields  
outside umbrae have these 3 features.

88

redshift

close to PIL

horizontal flow

umbra

opposite-pol. 
umbra

3 important features

non-umbra

umbra



� Example of Enhanced Field by Horizontal Flow

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift

backward penumbra

umbral 
boundary



� Pressing Pores

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift

19 examples



� Not Caused by Flux Emergence

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift

only redshift 
observed in  
79 ARs

only redshift, without blueshift  
even at DC 
→ not caused by flux emergence



� Distribution of Strongest Fields

all 419 ARs



� Distribution of Strongest Fields

all 419 ARs

LOS blueshift

strongest 
field

LOS

redshift

strongest 
field

red/blue coloring —  
Flow direction derived from  
Dopplershift is consistent  
with horizontal flows toward  
the strong field region



� Distribution of Strongest Fields

non-umbra (105)

LOS blueshift

strongest 
field

LOS

redshift

strongest 
field

In 94% of ARs with the strongest field in non-umbrae, 
the Doppler velocity can be interpreted as horizontal  
flows toward the strong field region.

red/blue coloring —  
Flow direction derived from  
Dopplershift is consistent  
with horizontal flows toward  
the strong field region



� Conclusion

75% in umbrae 
25% outside umbrae

The result statistically supports the mechanism that the strongest  
fields are generated by the kinematics on the photosphere,  
not directly attributed to internal origins.

Where is the strongest field in each AR ?

The latter 25% of ARs get high in  
rankings of field strength.  
84% of them have the 3 features.

light bridge 
21

penumbra (large) 
46

outside umbra (small) 
38

umbra (small) 
110

umbra (large) 
204

redshift

close to PIL

horizontal flow

umbra

opposite-pol. 
umbra



Other statistics and Appendix

Long-term Variation of Field Strength

Location Dependence on Field Strength

Spectral Shape

Fitting Result

Rank 4th — 10th

Pressing Pores

Other Examples

Miscellaneous

�



Long-term Variation of Field Strength

�



� Long-term Variation of Strongest Fields
all 419 ARs



� Long-term Variation of Strongest Fields
umbra



� Long-term Variation of Strongest Fields
umbra

No clear trend. Note that removal of one-quarters of ARs with their 
strongest fields outside umbrae is not suitable for this discussion.



� Previous Researches on Long-term Variation
A&A 541, A60 (2012)
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Fig. 6. Variation in the maximum magnetic field strength (left), minimum continuum intensity (midddle), and umbral area (right) vs. time. Symbols
show the individual sunspots while the blue filled circles mark the annual averages. The linear fits was performed for individual data points between
the two vertical lines. The dashed vertical lines mark maximum and minimum of cycle 23. Symbols are like in Fig. 3.

Fig. 7. Probability density function of the maximum magnetic field
strength. The red curve is the best-fit normal distribution to the data
using a Bayesian method.

roughly identical within the statistical fluctuations. We then an-
alyzed this synthetic temporal sample in the same manner as
the real data. Using both the Bayesian (Sect. 4.2) and the least-
square methods, we fit a straight line to measure any change of
the mean of Bmax. The test was repeated 100 times. The average
and rms of the resulting slopes were zero and 11 Gyr−1, respec-
tively. The two methods resulted in identical average and rms
slopes. The sample of 100 slopes had a maximum and minimum
of +23 and –26 Gyr−1, respectively. We note that, if one plots all
such artificial solar cycle curves, the width of the region covering
the 100 curves increases toward the end of the cycle as expected
because of the poorer statistics. That means the upper boundary
for statistical fluctuations of less than 30 Gyr−1 as the sole reason
for the observed systematic trend is significantly smaller than the
slope we have derived from the observations.

Second experiment: although the first test showed that the
trend is real, it is not clear how far it is influenced by the statis-
tical fluctuations. We performed a second numerical experiment
to elaborate on this issue. Like the first test, we created artifi-
cial samples of Bmax. The sample size for each year was as in
the first test. The PDF of the Bmax was, however, different for
each year in the sense that the mean value of the PDF was de-
creased by –94 Gyr−1. Because of the lower number of sunspots
at the end of the cycle, it is then possible to get a slope that is
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Fig. 8. Yearly sunspot number. The solid line shows the SIDC annual
sunspot number. The filled circles mark the number of TIP maps in
each year.

too flat or too steep compared to the actually imposed slope. The
number of repetitions and the analysis method were identical to
the first experiment. The average and rms of the slopes derived
in the second experiment were –94 and 12 Gyr−1, respectively,
both for the Bayesian and least-square methods. The maximum
and minimum slopes of the sample were –68 and –130 Gyr−1,
respectively. That means that with a complete sample the mea-
sured slope can be off by about 36 Gyr−1 in a worst case scenario.

Third experiment: the second experiment showed that, if there
is a real trend in Bmax with the phase of the solar cycle, it is mea-
surable despite the different statistics of sunspots at the maxi-
mum and minimum of the cycle. However, we do not have all of
the sunspots in our sample, only those that were observed with
TIP. This can introduce a significantly larger uncertainty in the
derived slope compared to the second experiment. Therefore, we
repeated the second numerical test with one change: instead of
using the annual sunspot number of SIDC, we used the statistics
of the TIP sample. The resulting slopes then spanned a range be-
tween –130 and –66 Gyr−1 with an average of –84 and a standard
deviation of 9 Gyr−1. This means the statistics of the TIP sam-
ple has about the same amount of uncertainty as the complete
sample with a caveat that it underestimates the correct trend by
10 Gyr−1, well within the 1σ range of 14 Gyr−1. This ensures us
that the slope of –94 Gyr−1 is significant and measurable with
the statistics of our sample.
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Table 2. Summary of the temporal gradients of the continuum intensity, the magnetic field strength, and the umbral area in different time intervals.

Time interval (Iumb/Iqs)min (% of Ic yr−1) Bmax (G yr−1) ⟨B⟩ (G yr−1) Umbral area (arcsec2 yr−1)

2001–2009 +0.7± 0.3 –112± 16 –84± 13 –23± 7
2009–2011 –3.8± 1.5 +138± 72 +81± 13 +82± 36
2009–2012 –3.0± 0.9 +108± 38 +47± 28 +60± 28
2009–2013 +0.5± 0.5 +11± 23 +11± 16 +70± 19
1999–2014 +0.2± 0.1 –13± 4 –6± 3 +7± 2
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Fig. 3. Variation of the maximum field strength (left) and the minimum continuum intensity (right) as a function of time. The vertical dotted lines
at 2001 and 2009 indicate the maximum and minimum of cycle 23, respectively. The lines at 2012 and 2013 mark the possible maximum of
cycle 24. The solid line shows a least-squares, the dashed line a Bayesian fit to the data between the corresponding vertical lines. The green line
in both panels shows a linear fit to all data points. A summary of the fit parameters is presented in Table 2. Arrows indicate the temporal extent of
the two cycles. For a description of different symbols, see Fig. 1.

is 1.6± 0.2% of Ic Mm−1. The trend is clear and has less scat-
ter than Fig. 4 of Rezaei et al. (2012): the present results do not
suffer from incomplete areas since we used full-disk continuum
maps to measure the umbral areas, while Rezaei et al. (2012)
used the umbral area in each observed map.

4.3. Temporal evolution

Temporal evolution of the sunspot magnetic field strength and
continuum intensity are shown in Fig. 2. Compared to our results
in Paper I, we have better statistics, in particular for the years
around the cycle minimum (2005−2009). The best-fit lines in
Fig. 2 are a least-squares and a Bayesian fit (Patil et al. 2010;
Hogg et al. 2010) with similar results.

In the declining phase of cycle 23 (2001−2009), the field
strength monotonically decreases with a rate of 112 ± 16 G yr−1.
The onset of the new cycle reverses the trend: the field strength
monotonically increases annually from 2009 toward the maxi-
mum of cycle 24. This means that the magnetic field strength
shows a cyclic variation in phase with the solar cycle. Adopting
the beginning of 2012 as the maximum of cycle 24, we find a
temporal gradient of the field strength of about 138 ± 72 G yr−1.
If we assume that the maximum was at the beginning of 2013,
then the rate reduces to 108 ± 38 G yr−1. As discussed in Kiess
et al. (2014), the first active region of opposite polarity appeared
early in 2008 on the disk, but the Sun remained very quiet dur-
ing 2008. Hence we adopted 2009 as beginning of the new cycle
(see also McIntosh et al. 2013). As seen in Fig. 1 of Kiess et al.
(2014), cycle 24 has a weak and broad maximum. It is therefore
possible that the rise time takes much longer than the typical
value of 40−60 month, if cycle 24 stays in the same weak activity

level (the Waldmeier effect). However, there is a large scatter in
the plot of the time a solar cycle needs to progress from mini-
mum to its maximum, in other words, in the rise time, versus the
cycle amplitude (see Fig. 26 of Hathaway 2010).

The umbral intensity also shows a cyclic trend in antiphase
with the solar cycle: at first it increases with a rate of 0.7± 0.3%
of Ic yr−1 in the declining phase of cycle 23. The trend switches
to a negative slope of −3.8 ± 1.5% of Ic yr−1 between 2009
and 2012. Adopting 2013 instead of 2012 as the maximum of
cycle 24, we find a similar value for the temporal gradient of
the intensity of −3.0 ± 0.9% of Ic yr−1. The onset of cycle 24
reverses the linear trend of the umbral intensity, as seen in the
right panel of Fig. 3, in contrast to the finding of Livingston
et al. (2012). This figure shows that the umbral intensity has a
cyclic variation: it starts to increase again from 2012 onward,
and at the same time, the field strength decreases. This indicates
that taking 2012 as the maximum of cycle 24 was perhaps a cor-
rect selection. As discussed by Norton & Gallagher (2010), for
instance, the recent solar cycles showed a double maximum be-
cause the maximum activity on the two hemispheres occurs with
a time gap of about a year. The latest sunspot numbers indicate
a second maximum in 2014 for the current cycle, but since the
presented data do not fully cover 2014, we retain 2012 as the
most probable maximum.

Table 2 shows that the temporal gradients of the umbral in-
tensity and the field strength significantly change between the
end of 2012 and the end of 2013. This might indicate that the
maximum was somewhere in 2012. More investigations are re-
quired to clearly answer this question.

The variation in the umbral intensity during a solar cycle
means that on average, umbrae at cycle maximum are darker
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Rezaei+2012

Rezaei+2015

-94 G / yr

-112 G / yr in Cycle 23
+138 G / yr in Cycle 24 (early phase)

VTT/TIP 
infrared, Stokes-V

VTT/TIP, DST/FIRS 
infrared, Stokes-V



� Previous Researches on Long-term Variation

Schad 2014

-25 G / yr

On the Collective Vector Magnetic Field Structure of Umbrae 1483

Figure 2 Magnetic field strength versus normalized intensity for dark umbral cores. The top panels show the
relationship for all the identified spots, while the bottom panels show the relationship for umbrae measured
near disk center. Left and right plots correspond to linear–linear and log–log representations of the same
data. Linear fits (blue continuous lines) of the observed data are over-plotted, and quantified within the figure
for three ranges of the normalized intensity (denoted by R). Note that the magnetic field strengths for the
darkest umbrae (R < 0.06) are anomalously high due to the effect of molecular blends on the Stokes inversion
process. The temperature scale given at the top of each panel refers to the umbral core temperature at unit
continuum optical depth inferred using Planck’s law.

collection of 7530 identified umbral cores (see Figure 2). The relationship between the mag-
netic field strength and the continuum contrast is shown both for all of the umbrae (top panels
in Figure 2, µ > 0.45, where µ is the cosine of the umbra’s heliocentric angle) and for the
spots close to disk center (bottom panels in Figure 2, µ > 0.95). Evidenced by the lack of
linearity in the right log-log scaled plots, a single power law relationship fails to accurately
characterize these data. Instead, we empirically describe the trends via three linear fits for
the ranges of R indicated in the figure. Furthermore, the scatter in these data is greatly re-
duced in comparison with previous studies. Since the SP resolves individual umbral dots,
we expect our ability to locate the darkest portion of the umbra to be improved, which, in
addition to a reduced stray light, may explain a lower scatter.

For high-contrast spots, a pronounced, nearly isothermal strengthening of the magnetic
field amongst the darkest umbral cores is evident. However, while such behavior has been
observed within individual spots using the infrared Fe I lines at 1565 nm (Jaeggli, Lin, and

1494 T.A. Schad

Figure 10 (Top) Umbral core
magnetic field strength of all
7530 identified umbrae (data
points) as a function of time.
(Middle) The LOS component of
the magnetic field divided by µ
(i.e. the vertical (or radial) field
approximation) for all spots.
(Bottom) The difference between
LOS estimates for the total core
magnetic field strength and the
true core magnetic field strength.
Blue squares denote the mean
field strength for half-year bins,
with error bars indicating the 1σ
standard error of the mean.

The arithmetic mean for the three skew-normal functional fits to the magnetic field PDF
give 2120.53, 2115.09, and 2136.60 G, respectively. Thus, while the magnetic field PDF
shape changes, the mean magnetic field does not significantly vary between the earlier and
the later years of our sample.

Finally, we investigate the possibility of long-term secular trends in the mean umbral
magnetic field strength, as reported by Penn and Livingston (2011). We are also inter-
ested in the utility of LOS magnetic flux measurements to investigate trends in the mean
magnetic field strength over the solar cycle, when one applies the vertical (or radial) field
assumption. Figure 10 shows the core magnetic field strength and the core LOS approx-
imation for the magnetic field strength, as a function of time, for all the identified um-
brae. The difference of the two measurements is also plotted. A linear fit to the mean
magnetic field strength binned in half-year bins as a function of the year after 2006 (i.e.,
f (year − 2006) = m × (year − 2006) + b) results in a negligible gradient. The fitted gra-
dient returns m = (1.023 ± 2.13) G yr−1, with b = (1929.45 ± 11.39) G. Using the LOS
values, the fitted line is described by m = (5.76 ± 3.33) G yr−1, b = (1827.84 ± 17.54) G.
Compare this with the average gradient shown by Livingston, Penn, and Svalgaard (2012)
of (−46 ± 6) G yr−1 between 1998 and 2010. None of our measurements give a long-term
decreasing trend. We do find short-term trends in the data implying possible solar cycle
variations, which we claim can occur alongside a steady size distribution. For example,
between July 2009 and November 2012, the mean core magnetic field strength shows a
gradient of (−24.99 ± 5.39) G yr−1 while the mean |BLOS |/µ values display a gradient of
(−39.55 ± 8.66) G yr−1. The LOS measurements clearly overestimate the trend, which is
consistent with our discussion of the deviation of the magnetic field vector in dark umbral
cores from the strictly radial approximation. We do not think that the trends shown between
July 2009 and November 2012 mean or confirm a long-term decrease in the mean umbral
magnetic field strength, i.e., on a time scale longer than a solar cycle. Rather, it suggests that

Hinode/SOT/SP 
ME inversion 
7,530 umbrae and pores 
2006-2012



Location Dependence on Field Strength

�



� Number Distribution of Field Strength



� Number Distribution of Field Strength

log-normal distribution



� Number Distribution of Field Strength on Location



� Number Distribution of Field Strength on Location



� Number Distribution of Field Strength on Location



� Number Distribution of Field Strength on Location



� Number Distribution of Field Strength on Location



� Number Distribution of Field Strength on Location



Spectral Shape

�



� Spectral Shape

VVV

V�V

\__/

V

ww-IV

ww-I

clear 3 splits

2 splits

weak split

broad

sawtooth  
in both IV

sawtooth in I,  
but clear V



� Location Dependence on Spectral Shape

Umbral strong fields have clear 3 splits. 
Weak fields in small ss. have weakly-splitting or broad profiles.

umbra 
(large)

umbra 
(small)

outside 
umbra 
(small)

penumbra 
(large)

light bridge

VVV 130 18 3 1 6
V V 14 3 0 0 0
V 14 49 11 10 2

\__/ 4 40 24 34 13
ww-IV 23 0 0 0 0
ww-I 19 0 0 1 0
total 204 110 38 46 21

(1)

(1)
(18)

(20)

(7)

(8)

(3)

(3)

(1)
(2)

(3)

(2)

(2)

(1)

Penumbrae seem to have complex structures. 
Some fitting results may fail.

(red) — NG fitting result



� Number Dist. of Field Strength on Spectral Shape



Fitting Result

�



� Fitting Result



Rank 4th — 10th

�



� Rank 4th

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



� Rank 5th

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



� Rank 6th

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



� Rank 7th

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



� Rank 8th

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



� Rank 9th

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



� Rank 10th

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



�

Pressing Pores



� Pressing Pores

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



� Pressing Pores from Both Sides

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



�

Other Examples



� Blueshift at Strongest Field Location (1/2)

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



� Blueshift at Strongest Field Location (2/2)

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift

flux emergence ?



� Opposite-polarity Light Bridge in an Umbra (1/2)

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



� Opposite-polarity Light Bridge in an Umbra (2/2)

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



� Distribution of Strongest Fields

non-umbra (105)

red/blue coloring —  
redshift/blueshift consistent  
with horizontal flows toward  
the strong field region

6 irregular  
examples

LOS blueshift

strongest 
field

LOS

redshift

strongest 
field

In 94% of ARs with the strongest field in non-umbrae, 
the Doppler velocity can be interpreted as horizontal  
flows toward the strong field region.



� Out of Theory (1/6)

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



� Out of Theory (2/6)

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



� Out of Theory (3/6)

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



� Out of Theory (4/6)

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift

flux emergence ?



� Out of Theory (5/6)

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



� Out of Theory (6/6)

Full Stokes profiles at the location of the strongest field

positive/negative polarity redshift/blueshift



Miscellaneous
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� Can a Flow Press Strong Fields ?
magnetic pressure

B2

8⇡

1

2
⇢v2

kinetic pressure

(B ~ 5,000 G, n ~ 1018 cm-3, v ~ 7 km/s)
(number density: Model M of Maltby+1986)

1 : 1



� Dependence of Spatial Resolution in Inversion
original resolution 

(0.32”/pix)
10 times coarser 

(3.2”/pix)

continuum

field 
strength

colored  
area

max. 5,390 G max. 4,680 G

10x10 pix summing, without consideration of PSF

> 4,000 G 
> 5,000 G



� Spatial Resolution in Old Observations

54 W. LIVINGSTON ET AL.

Figure 1. Examples of spectra. Top was obtained by J. Harvey (1986) using 525.0 nm on July 13,
1978 and refers to a light bridge in a complex sunspot. Bottom is from Baranovsky and Petrova
(1957) using 630.2 nm on July 18, 1957. Field strengths are based on the total separation of the sigma
components.

Also shown in Figure 1 is J. Harvey’s spectrum of July 13, 1978 (entry 49)
which shows a 4300 G field based on the separation of the sigma components.
There is a strong local Doppler shift at the location of the strongest field. This
sunspot was measured visually at Crimea some hours earlier as having a 3600 G
field in the umbra. It was not measured at Mt. Wilson. Photographs exposed to show
the umbral intensity indicate it was darkest adjacent to the light bridge in which the
strong field was detected.

The Kislovodsk observation (entry 45) of Shpitalnaya et al. (Shpitalnaya,
Makarov, and Den, 1973) is unique in that the field was recorded in 14 differ-
ent Fe lines simultaneously. Values ranged from 4830 to 5300 G from which they
conclude a field of 5150±150 G. The authors also include white light, Hα, and Ca K
pictures of the region, with the position of interest found abutting a light bridge.

We compared the Potsdam and Mt. Wilson observations for the three 1950
sunspots in Table III. The measurements of all the spots on the disk agreed to
within a few hundred Gauss except for the three strong-field spots. The Potsdam
measurements were about half the field strengths measured at Mt. Wilson. However,
Potsdam measurements were generally systematically smaller than Mt. Wilson at
high field strengths, which Grotrian (1953) attributed to the use of different spectral
lines. We think that this explanation is unlikely. On the other hand, the largest
strength measured during 1946 – 1951 at Potsdam was 3600 G on July 13, 1951.
Mt. Wilson measurements of this sunspot gave essentially the same field strength.
These conflicting results indicate either that the three 1950 measurements from
Mt. Wilson or Potsdam were wrong or that the sunspots changed rapidly. It is also
possible that different parts of the sunspots were measured at the two observatories.
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Figure 2. White light photographs (and a drawing) of strong-field spots. The width of the photographic
panels is about 3.2 arc min.

Poignant to us are the observations of March 1942 (entry 10). On the 2nd, Joe
Hickox observed Mt. Wilson region 7378 and found places where the field was 4800
and 5900 G. Picture Hickox, working at a virtually deserted observatory, deserted
because most of the staff were on leave for war-related activities. In the valley below
bombers were being built for attacks on Germany. Approximately 15 h later, H. von
Klüber’s assistant, a Dr. Haffner, observed the same sunspot. His maximum field
was 4300 G; perhaps the region had evolved. This was in Potsdam on the outskirts
of Berlin. Some of those Southern-California bombers were later to destroy large
sections of Potsdam. Hickox was likely oblivious to these events and von Klüber

Livingston+2006



� All Sunspots with More Than 4,000 G Livingston+2006
50 W. LIVINGSTON ET AL.

TABLE III
Sunspot groups with at least one measured magnetic field ≥4000 G.

N Group Date B (G) Lat Obs Observer Ref

1 1402 1919 Apr 1 4000 −20 M Rodés 1
2 2095 1924 Aug 30 4200 22 M Humason 1, 4

” ” 4600 ” M ” 1, 4
3 3726 1929 Jun 24 4300 −10 M Hickox 2
4 3754 1929 Jul 16 4600 −17 M Richardson 2
5 5548 1937 Sep 9 4600 11 M Hickox 2, 3
6 6192 1938 Nov 8 4200 −9 M ” 2, 3
7 6725 1940 Jan 5 4100 12 M ” 2, 3
8 7297 1941 Oct 1 4100 2 M ” 3
9 7315 1941 Oct 31 4200 14 M ” 2, 3

10 7378 1942 Feb 28 6100 8 M ” 2, 3
” 1942 Mar 2 5900 ” M ” 3
” ” 4800 ” M ” 3
” 1942 Mar 3 4300 ” P Haffner 5
” 1942 Mar 4 4500 ” M Hickox 3

11 7550 1943 Feb 10 4500 5 M ” 2, 3
” 1943 Feb 11 4200 ” M ” 3

12 7569 1943 Apr 3 4200 33 M ” 2, 3
13 7617 1943 Oct 3 4300 16 M ” 2, 3
14 7851 1945 Oct 4 4300 −22 M ” 2, 3
15 8170 1946 Aug 29, 31 4200 9 M ” 2, 3
16 8319 1946 Dec 14, 16 4900 −6 M ” 2, 3

” 1946 Dec 18 4300 ” M Richardson 3
17 8707 1947 Jul 15 4300 13 M ” 2, 3, 4

” 1947 Jul 16 4100 ” M Hickox 3
” 1947 Jul 17 3700 ” P 6
” 1947 Jul 18 4100 ” M Hickox 3

18 8774 1947 Aug 15 4300 15 M Richardson 2, 3, 4
19 8833 1947 Sep 27 4200 17 M Hickox 2, 3, 4

” 1947 Sep 26 3000 ” P 6
20 9086 1948 Mar 4 4200 17 M Hickox 2, 3

” ” 3200 ” P 6
21 9150 1948 Apr 16, 17 4200 9 M Hickox 2, 3

” 1948 Apr 17 3400 ” P 6
22 9167 1948 Apr 26 4300 23 M Hoge 2, 3

” 1948 Apr 25 2400 ” P 6

(Continued on next page)
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TABLE III
(Continued).

N Group Date B (G) Lat Obs Observer Ref

23 9199 1948 May 10 4200 −24 M Hickox 2, 3
” 1948 May 12 4100 ” M ” 3
” ” 3200 ” P 6

24 9275 1948 Jun 28 4200 12 M Hickox 2, 3
” 1948 Jun 30 4100 ” M ” 3

25 9317 1948 Jul 22−29 4300 12 M Richardson 2, 3
” 1948 Jul 26 2800 ” P 6

26 10027 1949 Oct 5, 8 4200 7 M Hickox 2, 3
” 1949 Oct 8 2800 ” P 6

27 10087 1949 Nov 6 4300 −10 M Hickox 2, 3
28 10262 1950 Mar 14 4300 −16 M ” 2, 3

” ” 2700 ” P 6
29 10303 1950 Apr 13 4600 13 M Roques 2, 3

” ” 2500 ” P 6
30 10314 1950 Apr 25, 30 4200 −12 M Hickox 2, 3

” 1950 Apr 26 2800 ” P 6
” 1950 Apr 27 4300 ” M Hickox 2, 3
” 1950 Apr 29 4100 ” M ” 2, 3

31 10347 1950 May 20 4300 −10 M ” 2, 3
32 10382 1950 Jun 22, 23 4600 9 M Roques 2, 3
33 10384 1950 Jun 26 4600 9 M ” 2, 3
34 11352 1955 Oct 24 4100 28 M Richardson 2, 3
35 11353 1955 Oct 24 4100 −23 M ” 2, 3
36 11466 1956 Feb 20 4300 21 M Cragg 2, 3
37 12417 1957 Jun 18 4100 18 M ” 2, 3
38 12491 1957 Jul 17 5000 28 C 7

” ” 4900 ” C 8
” ” 2000 ” M Hickox 3, 4
” 1957 Jul 18 4900 ” C 8
” ” 4600 ” C 7
” 1957 Jul 19 4700 ” C 7
” ” 4400 ” C 8
” ” 2300 ” M Hickox 3, 4

39 13388 1958 Jul 30 5350 −15 C SS 9
40 15733 1963 Jun 14 4000 11 C 7
41 16150 1966 Oct 15 >4000 7 M Cragg 3

” 1966 Oct 19 4300 ” R CCF 10
(Continued on next page)
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TABLE III
(Continued).

N Group Date B (G) Lat Obs Observer Ref

42 16387 1967 Jun 4 3600 23 M Cragg 3
” 1967 Jun 5 4000 ” R CCF 10
” ” 2800 ” C 7
” ” 3000 ” M Cragg 3

43 17196 1969 Mar 20 3600 22 M Utter 3
” 1969 Mar 22 4000 ” R CCF 10
” ” 2500 ” C 7
” 1969 Mar 23 3000 ” M Utter 3

44 17822 1970 Apr 7 4000 −12 M Cragg 3
” 1970 Apr 8 4300 ” R CCF 10
” ” 3100 ” C 7
” ” 3400 ” M Cragg 3
” 1970 Apr 9 3800 ” M ” 3
” 1970 Apr 10 3600 ” M ” 3
” 1970 Apr 11 3800 ” M ” 3

45 18935 1972 Jul 31 3400 12 M ” 3
” 1972 Aug 5 3200 ” M ” 3
” 1972 Aug 7 4100 ” R CF 10
” ” 3100 ” C 7
” 1972 Aug 8 5150 ” K 11
” ” 2600 ” C Shpitalnaya 7
” ” 3000 ” R CF 10
” ” 2500 ” M Cragg 3

46 19427 1974 Jul 3 4300 −14 O Tanaka 17
” 1974 Jul 4 4200 ” C 7
” ” 3200 ” R CC 10
” ” 4130 ” N Livingston 12
” ” 3600 ” M Cragg 3

47 19469 1974 Sep 11 4000 8 R CC 10
” ” 3200 ” C 7
” ” 3200 ” M Cragg 3
” 1974 Sep 13 4000 ” R CC 10
” ” 3300 ” C 7
” ” 3200 ” M Cragg 3

48 19512 1974 Nov 19 4100 14 C 7
” ” 3800 ” R CC 10
” 1974 Nov 21 3200 ” M Adkins 3

(Continued on next page)
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TABLE III
(Continued).

N Group Date B (G) Lat Obs Observer Ref

49 20123 1978 Jul 13 4300 18 N Harvey 13
” ” 3600 ” C 7
” ” 2700 ” M Gregory 3
” 1978 Jul 14 3800 ” C 7
” ” 2500 ” M Gregory 3

50 21358 1980 Apr 8 3200 13 M Webster 3
” 1980 Apr 9 4000 ” C 14
” ” 2800 ” M Webster 3

51 21567 1980 Jul 6 4100 28 C 14
” ” 2100 ” M Webster 3
” 1980 Jul 7 4600 28 C 14
” ” 2100 ” M Webster 3

52 24223 1985 May 11 >3800 −12 R Croce 10
” 1985 May 13 3500 ” C 7

53 26825 1991 Jun 6 3800 32 M ? 4
” 1991 Jun 7 4100 ” C 7, 14

54 31909 2003 Oct 22 4200 4 C Stepanian 15
” ” >3000 ” M Padilla 4

55 32158 2004 Jul 23 4100 8 C 16
” ” >3000 ” M Gilman 4

Notes. Group is the Mt. Wilson Observatory sunspot group number. B (G) is the
magnetic field strength in Gauss. Lat is the latitude in degrees. Obs is the obser-
vatory abbreviated as follows: C = Crimean Astrophysical Obs., K = Kislovodsk,
M = Mt. Wilson Obs., N = National Solar Obs., Kitt Peak, O = Okayama, P =
Potsdam, R = Astro. Obs. of Rome. Observers are abbreviated as follows: CC =
Casamassima and Croce, CCF = Cacciani, Croce and Flamini, CF = Croce and
Flamini, SS = Stepanian and Selivanov. References: 1. Hale and Nicholson (1938).
2. Pub. Astro. Soc. Pacific, bi-monthly from 1920 to 1961. 3. Microfilm copies
of original Mt. Wilson drawings. 4. ftp://howard.astro.ucla.edu/ pub/obs/drawings/.
5. von Klüber (1947). 6. Pub. Astro. Obs. Potsdam. 7. http://www.gao.spb.ru/
database/mfbase/gmaps/krao/. 8. Baranovsky and Petrova (1957). 9. Steshenko (1967).
10. Solar Phenomena, Astro. Obs. Rome, monthly. 11. Shpitalnaya, Makarov and Den
(1973). 12. Livingston (1974). 13. Harvey (1986). 14. Solar Data Bulletin, Pulkovo Obs.
15. Personal communication. 16. http://crao.crimea.ua/projects/solar/ sunspot/DATA/.
17. Tanaka (1991).

show 5000, 4600 and 4700 G for July 17, 18, 19, respectively. At Mt. Wilson the
same spot was recorded as 2000 and 2300 G on July 17 and 19, respectively. Perhaps
the strong fields were confined to a part of the sunspot that was not measured at
Mt. Wilson. Figure 2 suggests that this might be the case.

All Sunspots with More Than 4,000 G Livingston+2006



� Histogram of Strongest Fields

Livingston+2006
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Figure 3. Distribution of maximum field strengths in 12 804 sunspot groups measured at Mt. Wilson
(1917 – 1964) and Rome (1965 – 1974). Seven measurements from Table III not included in the Mt.
Wilson and Rome data were added. The dashed histogram is only Mt. Wilson measurements.

1.5%; >4 kG, 0.4% and >4.5 kG, 0.09%. The dashed line represents 11 051 Mt.
Wilson visual measurements alone (corrected above 3600 G according to Table II)
and shows some structure that is hidden in the combined data set. One oddity is a
relative dearth of 2400 G values. Above this value, there is an excess of even values
such as 2800 and 3000 G versus odd values such as 2900 G. Below 2400 G, the
situation is reversed. The odd–even behavior was noted in previous studies of the
measurements (e.g. Houtgast and van Sluiters, 1948). We think that these departures
from smooth behavior are explained in part by the ad hoc correction of measured
fields developed by Hale and Nicholson as noted earlier. If the observers tended
to use even rather than odd-numbered degree values, the odd–even asymmetry and
its reversal at 2400 G could also be explained. The low numbers of Mt. Wilson
measurements at 3700, 4000, and 4400 G are simply a result of coarseness of the
corrections we applied, as listed in Table II.

With the exception of the record 6100 G measurement, the distribution of field
strengths between 3000 and 5300 G in Figure 3 follows a power law with a steep
slope of −9.5 fairly well. The failure of the 6100 G measurement to follow such
a fit suggests that it was either an incorrect measurement (unlikely since the field
was measured as 5900 G, 2 days later) or a very rare event. One might well ar-
gue that the underlying distribution of maximum sunspot field strengths should
be lognormal since that is the distribution that best represents maximum sunspot
umbral areas (Baumann and Solanki, 2005). We cannot easily test that idea since

4.6%   (>3,000 G) 
1.5%   (>3,500 G) 
0.4%   (>4,000 G) 
0.09% (>4,500 G)

The abstract says that the rate of  
more than 4,000 G is 0.2%.

The value of 6,100 G was not mismeasured, 
because 5,900 G was also detected 2 days later.



� Comments

From Alberto Sainz Dalda

Penumbrae always have 2 components with different inclinations, and the observed  
spectra are complex. The ME inversion does not work for such spectra. The results  
based on the ME inversion are not reliable and not inappropriate to scientific  
discussion/papers.

Should check the results of 2-component inversion at least around the strong field  
regions in penumbrae/light bridges.

From Ted Tarbell, 
the ME inversion is enough 
for the statistics studied here.



� Comments

From Carlos Quintero Noda,

Alberto’s comment is too pessimistic. The statistics is good as the first step of this  
study. But, it is worth checking the LOS variation of physical parameters to fit the  
residual components from the ME results.

C. Quintero Noda et al.: High speed magnetized flows in the quiet Sun

Fig. 11. Synthetic Stokes profiles using a temperature stratification without the inferred increased at high layers, first row. The same study but
changing to zero the LOS velocity at high layers is presented in the second row. Black designates the original profiles obtained using the mean
atmosphere showed in blue in Fig. 5 while blue lines mark the newer results.

for the circular polarization signals (associated with more ver-
tical magnetic fields) of opposite polarity at the footpoints. All
these results lend support to a configuration of the magnetic field
in the form of an Ω-loop. This kind of topology has already
been reported by Martínez González et al. (2007); Centeno et al.
(2007); Martínez González & Bellot Rubio (2009); Ishikawa
et al. (2010). A similar type of configuration, including the pres-
ence of single-lobed Stokes V profiles, has also been described
in Viticchié (2012).

Once we have established the configuration of the magnetic
field, we turn our attention to the inferred velocities. The fact
that the LOS velocities are also opposite at the loop footpoints
(see the second column in Fig. 5 and the bottom right panel in
Fig. 9) indicates that the magnetized plasma flows from one foot-
point toward the other. In spite of not finding any clear gas pres-
sure imbalance between the footpoints (see Sect. 5.2), we be-
lieve that the siphon flow mechanism (Montesinos & Thomas
1993, and references therein) is the only physical mechanism
(of those listed in Sect. 1) that explains the observed flow along
this magneticΩ-loop (i.e., the observed kinematic and magnetic
properties).

There are, however, some features of the inferred physical
parameters that do not entirely match the above scenario. We
refer in particular to the strong increase in the temperature in
the mid-photosphere at the footpoints of the loop (see leftmost
panels in Fig. 5), and the change in the sign (also in the mid-
photosphere) of the LOS component of the velocity vLOS where
the magnetic field drops to zero (second and third columns in
Fig. 5). It is possible to argue, however, that these two features
appear as a consequence of the limitations in our modeling of
the solar atmosphere. In the following, we will elaborate on this
particular point.

In Sect. 4.1 we mentioned that, according to Landolfi &
Landi Degl’Innocenti (1996), several nodes in the magnetic field
and LOS velocity were needed to reproduce the large area asym-
metries in the observed Stokes V profiles (see Fig. 1). As a result,

we have inferred an optical depth dependence of the LOS veloc-
ity where vLOS(τ500) changes from large blue-shifts in the deep
photosphere (log τ500 ≈ 0) to large red-shifts in the higher lay-
ers (log τ500 ≈ −3) at the upflowing footpoint, and vice versa
at the downflowing footpoint. The question is therefore whether
this change in the sign of the velocity in the high photosphere
(and also the temperature enhancement) is needed to reproduce
the asymmetries in the observed circular polarization profiles. To
investigate this we have performed two different experiments.

In the first experiment„ we took the optical depth depen-
dence of the physical parameters inferred from the inversion of
the blue cases (upper row in Fig. 5) and proceeded to calcu-
late the emerging Stokes profiles from this mean atmospheric
model using the synthesis module of SIR. The results are repre-
sented by solid black lines in the upper panels of Fig. 11. As ex-
pected, the circular polarization profiles are highly asymmetric
(δA → 1) and very similar to the blue Stokes profiles in Figs. 1
and 2 (as they should because the atmospheric model was actu-
ally obtained from the inversion of those profiles). We then per-
form a synthesis using those very same physical parameters, but
substituting the temperature enhancement above log τ500 < −2
for the temperature stratification of the HSRA model (Gingerich
et al. 1971). The new atmosphere and resulting Stokes profiles
are indicated in blue in the upper row of Fig. 11. As can be seen,
Stokes V has changed very little after modifying the model’s
temperature stratification. Stokes I, however, does show some
differences.

The second experiment is identical to the first, except now
we maintain the temperature stratification T (τ500) of the orig-
inal model (see leftmost bottom row in Fig. 11 and upper left
panel in Fig. 5). This time, however, we neglect the change of
sign in the LOS velocity in the upper layers, and, instead, we set
vLOS = 0 above log τ500 < −2 (see second column bottom panel
in Fig. 11). Then we perform a synthesis to calculate the emer-
gent Stokes profiles from this modified atmosphere. The results
are indicated in blue in the bottom row of Fig. 11. Again, while
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� Comments

From Sacha Brun

Which phase in the sunspot evolution does the strongest field appear ?

It may provide some restrictions to the mechanism of sunspot emergence  
and occurrence of flares.

However, note that most of the ARs studied here already existed at the  
beginning of each observation. Large ambiguity needs be considered 
to count days after appearance.



� Comments

From Alan Title

My presentation uses numerous color figures. Too colorful figures 
are problematic for color-blind people.



�Method

[used data]   SP level-2 data provided by HAO

MERLIN inversion, limited field strength 5,000 G 
partially used MEKSY inversion data (by NAOJ) for pixels > 5,000 G

= Milne-Eddington Katsukawa Shimojo Yokoyama

 15,302 scans 

 9,187 scans 

 4,566 scans 

< 600” from the disk center

selection of images having sunspots or  
pores by visual confirmation

▶ screening

screening → extract of strongest field → sort into AR

Oct. 25, 2006 — September 16, 2016



� Method

▶ searching for a pixel with the largest field strength in each  
    scan dataset

3,000 3,000 3,000

3,000 4,100 3,000

3,000 3,000 3,000

3,000 3,000 3,000

3,000 4,100 3,900

3,000 3,000 3,000

- ignore pixels and fits files with obviously-strange profiles and polarization  
  degree of less than 4% 
- the pixel with the strongest field should have at least one surrounding pixel 
   with less-than-500-G difference from the largest value 
         → if not, delete the pixel, and then repeat the process with a new pixel  
              with the strongest

removed accepted

screening → extract of strongest field → sort into AR



� Method

▶ sorting all scans by AR number

screening → extract of strongest field → sort into AR

(by hand)

419 ARs 12 — 2 ARs in one FOV 
  7 — unnamed AR

▶ investigating physical parameters and locations of the 
    strongest field in each AR

- location 
- spectral shape 
- close to PIL 
- redshift at the location 
- horizontal flow toward the location 
- fitting result 
- filling factor

[umbra] [penumbra] in large sunspot 
[umbra] [outside umbra] in small ss. 
[light bridge]



� Doppler Velocity and Field Strength

similar features seen 
during the observations

Feb. 02 
16:11 UT

Feb. 03 
18:34 UT

Feb. 04 
15:54 UT

Feb. 04 
19:11 UT

at the boundary 
  — blueshift → redshift 
  — inclination increased 
  — field strength enhanced

key structures

7.0 km/s @ 13°

7.2 km/s @ 8°

6.5 km/s @ 18°


