Astronomy
&
Astrophysics

A&A 565, A52 (2014)
DOI: 10.1051/0004-6361/201321119
c ESO 2014


Properties of sunspot umbrae observed in cycle 24
Christoph Kiess, Reza Rezaei, and Wolfgang Schmidt
Kiepenheuer-Institut für Sonnenphysik, Schöneckstr. 6, 7104 Freiburg, Germany
e-mail: [kiess;rrezaei;wolfgang]@kis.uni-freiburg.de
Received 16 January 2013 / Accepted 6 February 2014
ABSTRACT

Aims. There is an ongoing debate whether the solar activity cycle is overlaid with a long-term decline that may lead to another grand
minimum in the near future. We used the size, intensity, and magnetic field strength of sunspot umbrae to compare the present cycle 24
with the previous one.
Methods. We used data of the Helioseismic and Magnetic Imager on board the Solar Dynamics Observatory and selected all sunspots
between May 2010 and October 2012, using one image per day. We created two subsets of this dataset with a manual tracking algorithm, both without duplication. One contains each sunspot (910 umbrae within 488 spots) and was used to analyze the distribution of
umbral areas, selected with an automated thresholding method. The other subset contains 205 fully evolved sunspots. We estimated
their magnetic field and the total magnetic flux and discuss the relations between umbral size, minimum continuum intensity, maximum field strength, and total magnetic flux.
Results. We find non-linear relations between umbral minimum intensity and size and between maximum magnetic field strength
and size. The field strength scales linearly with the intensity and the umbral size scales roughly linearly with the total magnetic flux,
while the size and field strength level oﬀ with stronger flux. When separated into hemispheres and averaged temporally, the southern
umbrae show a temporal increase in size and the northern umbrae remain constant. We detected no temporal variation in the umbral
mean intensity. The probability density function of the umbral area in the ascending phase of the current solar cycle is similar to that
of the last solar cycle.
Conclusions. From our investigation of umbral area, magnetic field, magnetic flux, and umbral intensity of the sunspots of the rising
phase of cycle 24, we do not find a significant diﬀerence to the previous cycle, and hence no indication for a long-term decline of
solar activity.
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1. Introduction
Sunspots are the most conspicuous manifestations of the solar magnetic activity in white-light images (Bray & Loughhead
1964; Wittmann & Xu 1987). They are at the top of the hierarchy
of the photospheric magnetic structures, being about three orders of magnitude larger than magnetic flux tubes (Keller 1992;
Wiehr et al. 2004; Rouppe van der Voort et al. 2005; Solanki
et al. 2006; Lagg et al. 2010). Diameters of sunspot umbrae span
a range of 1 to 20 Mm and their areas cover two orders of magnitude (Solanki 2003; Rempel & Schlichenmaier 2011; Borrero
& Ichimoto 2011). The umbrae of the largest sunspots are the
coolest structures observed in the solar photosphere, their temperature is some 2000 K lower than that of the quiet-Sun photosphere (Maltby et al. 1986; Kopp & Rabin 1992; Balthasar &
Schmidt 1993; Martinez Pillet & Vazquez 1993; Collados et al.
1994). The orientation of the magnetic field is close to the local vertical in umbrae (Beckers & Schröter 1969; Keppens &
Martinez Pillet 1996; Mathew et al. 2003; Beck 2008).
The periodic variation of sunspot number, that is, the solar
cycle, was observed for more than 400 years (Athay & Warwick
1961; Harvey 1992; Spruit 2012; Usoskin 2013). It is traced with
several quantities, including the number and area of sunspots
(Hoyt & Schatten 1996; Hathaway et al. 2002; Usoskin 2008;
Hathaway 2010). The cyclic variation of umbral properties such
as intensity and magnetic field strength was subject of several investigations (Livingston 2002; Penn & Livingston 2006;
Penn & MacDonald 2007; Penn & Livingston 2011; Livingston
et al. 2012; Pevtsov et al. 2013). Among others, Albregtsen &
Maltby (1978) and Albregtsen et al. (1984) found that the umbral

intensity fluctuates in phase with the solar cycle such that the
umbrae are brighter at the end of a cycle. Norton & Gilman
(2004) found a decrease in the umbral intensity from early- to
mid-phase of cycle 23 and an increase after the maximum of the
cycle. In contrast, Mathew et al. (2007) reported a constant umbral intensity throughout cycle 23. This is accompanied with a
periodic variation of the maximum field strength of umbrae with
solar cycle phase (Watson et al. 2011; Pevtsov et al. 2011; Rezaei
et al. 2012a).
The fraction of umbral area to sunspot area is apparently
independent of the solar cycle. Using Greenwich photoheliographic results, Jensen et al. (1955), Tandberg-Hanssen (1956),
and Ringnes (1964) reported a weak tendency for the average
penumbra-to-umbra radius to change in phase with the solar
cycle. Steinegger et al. (1990) and Brandt et al. (1990) found
umbra-penumbra area ratios of 0.24 and 0.32 for small and large
spots, respectively. Beck & Chapman (1993) found the umbrapenumbra area ratio to be independent of the sunspot complexity
and magnetic field strength and only weakly correlated with the
umbral area. Mathew et al. (2007) found no variation of umbral
radius with solar cycle. They noted a weak tendency of a secular
trend in the northern hemisphere, however. Penn & MacDonald
(2007) and Rezaei et al. (2012a) found no significant variation
of the umbral area as a function of solar cycle. Schad & Penn
(2010, hereafter SP) observed a small variation in umbral size
correlated with the variation of umbral intensity and solar cycle.
The general view in early observations was that smaller
sunspots have a higher continuum intensity and a lower magnetic field strength (Bray & Loughhead 1964). The underestimation of stray light in earlier works was noticed by Zwaan (1965),
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who argued that much of the dependency of the continuum intensity on the sunspot size can be explained by stray light (see also
Rossbach & Schröter 1970). More recent investigations challenged the idea that the continuum-area dependency is an artefact of stray light (McIntosh 1981; Stellmacher & Wiehr 1988;
Martinez Pillet & Vazquez 1993). Most recent observations indicate that the continuum-area dependency is real and exists even
after removal of stray light (Mathew et al. 2007; Wesolowski
et al. 2008; Schad & Penn 2010; Rezaei et al. 2012a).
Measurements of umbral physical properties are prone to
systematic and random errors. Intensity measurements of umbrae are aﬀected by scattered light (Mattig 1971; Martinez Pillet
1992; Chae et al. 1998; Beck et al. 2011). The field strength
measurements in sunspot umbrae using the Zeeman splitting of
spectral lines are contaminated on the one hand by molecular
blends (Wittmann 1972) and on the other hand by inaccurate
atomic data (Borrero et al. 2003). The uncertainty in the measurements of the umbral area is due to the umbral fine structures (Sobotka et al. 1993; Schmidt & Balthasar 1994; Lites
et al. 2004; Rimmele 2008; Shimizu et al. 2009). Umbrae are
more stable than penumbrae (Robinson & Boice 1982; Leka
& Skumanich 1998; Schlichenmaier et al. 2010b; Rezaei et al.
2012b; Louis et al. 2012). Larger spots tend to have darker umbrae, a higher magnetic field strength, and a longer lifetime than
smaller spots (e.g., Schrijver 1987). However, there is a significant intrinsic scatter (Lites & Skumanich 1990; Martinez Pillet
& Vazquez 1993; Schlichenmaier & Collados 2002).
Bogdan et al. (1988, hereafter BOG) and SP studied the umbral size distribution from 1917 to 1982 and during the solar
cycle 23, respectively. They found that there is no significant
temporal variation in the size distribution from one cycle to the
next. This invariance in the umbral area distribution is noteworthy considering the drastic diﬀerence in the number of sunspots
in diﬀerent solar cycles. The distribution can be fitted with a
lognormal function, motivated by the fragmentation and random
processes relevant to sunspot formation (Bogdan et al. 1988, and
references therein). The size distribution of sunspot groups in
the Greenwich photoheliographic sunspot records was studied
by Baumann & Solanki (2005), who found a lognormal distribution both for the instantaneous area (corresponding to BOG
selection) and for the maximum area of sunspots.
The end product of a multiplicative and fragmentary process
is a lognormal distribution (Kolmogorov 1941). There are many
applications of lognormal distributions in diﬀerent branches of
science (e.g., Pauluhn et al. 2000; Yurchyshyn et al. 2005;
Kobayashi et al. 2011). In the photosphere, a lognormal distribution of the umbral area observed in about three orders of magnitude hints at a fragmentation origin for umbrae. BOG speculated
that a lognormal distribution of emerging flux tubes indicates
that they are probably the result of fragmentation of a large flux
tube. As pointed out by Baumann & Solanki (2005), it is unlikely that sunspots are entirely the result of such fragmentation.
It is perhaps more reasonable to imagine that they are the joint
product of fragmentation and coalescence of flux patches, as discussed by Zwaan (1992) and Schlichenmaier et al. (2010b).
This size distribution provides insights into the nature of the
solar dynamo mechanism (Parker 1979a; Ossendrijver 2003).
However, most of the umbrae observed by BOG and SP were
in their decay phase, therefore one needs to be careful about using their distribution as an argument for the origin of sunspot
flux trunks in the convection zone. The fragmentation of the rising flux tube also occurs near the solar surface (Zwaan 1978;
Brandenburg 2005). In a 16 Mm deep domain, Rempel (2011)
found fragmentation of the flux trunk down to the bottom
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boundary. This subsurface fragmentation causes fragmentation
in the photosphere, as observed for instance by Louis et al.
(2012).
To distinguish between two sunspot formation scenarios
(fragmentation or coalescence), one needs to evaluate the distribution in an early stage of spot development, when the decay
has not redistributed the surfaced flux. It would be interesting
to evaluate the umbral area beneath the photosphere and before
their photospheric appearance. If lognormal, this would hint at
a fragmentation process in the convection zone. To be as close
as possible to such a pre-emergence situation, we have evaluated
the umbral area distribution in an early stage, when the decay has
not significantly redistributed the surfaced flux yet (Sect. 2.3).
Magnetohydrodynamic simulations of emerging flux tubes
(Fan 2008), active regions (Cheung et al. 2010), pores (Cameron
et al. 2007), and sunspots (Rempel et al. 2009) became available recently. The flux emergence simulations model the rise of
a twisted flux tube in the convection zone, its expansion, and
fragments near the solar surface. In contrast, in sunspot and
pore simulations, the field lines are imposed on a relaxed hydrodynamic domain. Then, the dispersed flux elements partially
evacuate and merge (Kitiashvili et al. 2010) to form pores and
sunspots. The coalescence of the emerged flux elements in the
simulations agrees with observations of Bernasconi et al. (2002)
and Schlichenmaier et al. (2010a), for example. The tetheredballoon model of Spruit (1981) predicts that the coalescence of
small flux patches (Pariat et al. 2004; Rezaei et al. 2012a) is a
surface phenomenon since these flux elements are deeply anchored. In other words, the emergence of large flux tubes does
not fundamentally aﬀect their integrity.
Because of the broad range of parameters, simulations usually focus on some aspects of sunspot properties instead of
addressing all problems. Umbrae in these simulations perform
convective energy transport by umbral dots and transient lightbridges. Rempel (2011, his Fig. 11) presented a sunspot with a
minimum (bolometric) umbral intensity of about 0.3 Ic . In another simulation he found a minimum umbral intensity of about
0.22 Ic (Rempel 2012, his Fig. 5). In both cases, the unsigned
flux of the simulated spot is about 1022 Mx. Using the SIR code
(Ruiz Cobo & del Toro Iniesta 1992; Bellot Rubio 2003), we
performed spectral synthesis of the Rempel (2012) umbra and
found a minimum continuum intensity of 0.08 Ic at a wavelength
of 630 nm. This minimum intensity is close to what one expects
for such a big sunspot (compare with the sunspot of Nov. 19,
2013).
Rempel (2011) presented a simulated sunspot in a domain
16 Mm deep. In this simulation, a considerable amount of a
subsurface magnetic field is fragmented due to convection. The
photospheric manifestation of this fragmentation is the appearance of light-bridges or flux separation. He found a deepreaching outflow beneath the photosphere down to the bottom
boundary of the simulation domain. Such an axisymmetric outflow presumably supports the monolithic subsurface structure of
sunspots (Parker 1979b). It is unclear which role the supergranulation flow plays in this process.
Sunspots decay as a result of fragmentation (Petrovay &
van Driel-Gesztelyi 1997; Martínez Pillet 2002). The decay rate,
which in turn determines the sunspot lifetime, is a function of
anchoring depth and the corresponding convection timescales in
such depths (Moradi et al. 2010). The lifetime of sunspots, T ,
falls in between two extremes:
 r
2
Hp
0
T 
× 10 [days],
vrms
10 Mm
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where H p is the pressure scale height, vrms is a typical convection velocity, and r0 the maximal radius of the spot (Petrovay &
Moreno-Insertis 1997; Schlichenmaier et al. 1999).
McIntosh (1981) reported on a long-lived sunspot in Aug.
1966, which survived five solar rotations (137 days). While the
convection timescale (the lower limit) is about 6 h at a depth of
15 Mm, Rempel (2011) speculated that the lifetime of a sunspot
is roughly an order of magnitude longer than the convection
timescale (at the corresponding anchoring depth). The trend
found in his simulation cannot be extrapolated to broader ranges
since the aforementioned long-lived sunspot will need an anchoring depth of about four times the depth of the convection
zone.
The prolonged duration of the minimum of the last solar cycle (23) raised speculations about a lower activity level in solar
cycle 24 and the possible approach of a new grand minimum
(Tripathy et al. 2010; Jain et al. 2011). There are also indications
that the population of small sunspots compared with the large
ones in solar cycle 23 might be diﬀerent than in previous cycles
(Clette & Lefèvre 2012). This motivated us to study properties
of umbrae in the current solar cycle (24) and compare them with
those of previous cycles.
In this contribution, we measure the umbral area, evaluate
the maximum field strength and minimum intensity of sunspot
umbrae in solar cycle 24 based on the data obtained with
the Helioseismic and Magnetic Imager (HMI, Scherrer et al.
2012; Schou et al. 2012), a filter instrument on board the Solar
Dynamics Observatory (SDO, Pesnell et al. 2012). From May
2010 until October 2012, 4229 sunspots were observed with
some 6892 (910 unique) umbrae. The criteria for the data selection are discussed in Sect. 2. We analyze the data and interpret the results in Sects. 3 and 4, respectively. A summary and
conclusions are presented in Sect. 5.

2. Observations and data analysis
HMI records six equidistant wavelength positions around the
center wavelength of the neutral iron line at 617.33 nm (Norton
et al. 2006; Fleck et al. 2011). HMI filters have a full width at
half maximum (FWHM) of about 7.6 pm. With a spatial sampling of about 0.5 , the spatial resolution of each full-disk image is about 1 . The image size is 4096 × 4096 pixels and the
cadence of full Stokes maps is 12 min1 .
2.1. Range of observation

The current solar cycle (24) started on January 04, 2008,
when a new active region with reversed polarity in the northern hemisphere at a high latitude was observed by the Solar
and Heliospheric Observatory (SOHO, Scherrer et al. 1995)
Michelson Doppler Imager (MDI, Scherrer et al. 1995). Figure 1
shows the monthly and smoothed sunspot number in cycle 24
(SIDC-team 2008). The activity level was very low throughout
the rest of 2008. A significant rise of the sunspot number only
occurred in early 2009 (Fig. 1).
Our observations (01/05/2010 to 31/10/2012) cover the rising phase of cycle 24. After a small dip in early 2013, the spot
number increased again in the second quarter of 2013. We analyzed one image of the continuum intensity per day and selected
all sunspots in the data.
1

Data are available at http://jsoc.stanford.edu/, see also
http://hmi.stanford.edu/ for information about the instrument.

Fig. 1. SIDC monthly sunspot number (black line). The gray line shows
the smoothed sunspot number. The dashed vertical lines mark the range
of our data.

2.2. Correction for limb-darkening

As a first step, each image was normalized to its mean value,
derived from a 100 square at disk center, avoiding sunspots.
To derive the limb-darkening curve, images from twelve days
with no activity were chosen, and μ, the cosine of the heliocentric angle, was computed for each pixel. We used a smoothed
version of the intensity as a function of μ to correct for limbdarkening. This curve represents our empirical limb-darkening
function. For each data pixel, the heliocentric angle was calculated and the intensity was divided by the corresponding value
of our limb-darkening function.
2.3. Selection of umbrae

We analyzed one image per day and manually marked a total of
4229 sunspots (6892 umbrae) on the visible solar hemisphere.
Because most sunspots live for several days, we applied an algorithm to reduce the data such that no sunspot was counted
multiple times.
Starting with the first spot in our data, we calculated its expected positions during its passage across the solar disk (maximum 14 days), taking the diﬀerential rotation depending on
the latitude θ into account. We used the empirical formula
Ω [deg / day] = 14.522 − 2.84 sin2 (θ) given by Howard et al.
(1984). For these 14 days we then simultaneously plotted all
sunspots closer than 15 degrees to the expected positions of the
first spot. From this series of images we then manually selected
the sunspots of interest and skipped the rest. This algorithm
was successively used on the remaining sunspots in our original dataset (4229 spots).
We applied the described algorithm using two diﬀerent selection criteria. For the first subset of data we focused on young
spots with well-developed umbrae. None of the selected spots
had a heliocentric angle greater than 60 degrees (μ ≥ 0.5). This
subset containing 488 spots was used for statistical analysis of
umbral sizes described in Sect. 3.1. For the second subset we
focused on fully evolved sunspots with penumbrae. To reduce
scatter, no complex spots were selected. This led to a subset of
205 sunspots that was used to analyze the correlation of umbral
properties.
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Fig. 2. AR11520 on 14/07/2012 is an example of a sunspot with a large
umbra. The red contour shows the threshold level (0.6 of mean quietSun intensity) used to select the umbra. The spot has a heliocentric angle
of μ = 0.86. The total area of the largest four umbrae is 206 MHS.
Fig. 3. Inversion results for one of our sunspots. From top left clockwise: continuum intensity, magnetic field strength, inclination, and
azimuth.

2.3.1. Large sample

The first subset (488 sunspots) was used for an analysis of the
distribution of umbral sizes. We applied a threshold method to
select the umbrae, see for instance, Brandt et al. (1990), Mathew
et al. (2007), Wesolowski et al. (2008), and SP. This threshold was chosen as 0.6 of the mean quiet-Sun intensity. The
minimum size for an umbra to be selected was chosen to be
0.5 microhemispheres (MHS). One MHS is 10−6 of the visible
solar surface and corresponds to 3.05 Mm2 or 5.79 arcsec2 . We
counted distinct umbrae within one sunspots separately, which
led to a total of 910 umbrae within 488 sunspots. A threshold
value of 0.6 ensured that all umbrae were sampled, while it does
not capture umbral light bridges as seen in Fig. 2 (Muller 1979).
To evaluate the umbral size distribution we created a histogram
with fifty bins. A logarithmic bin size was used to ensure that
there was still a fair number of umbrae in the bins covering
higher values of the size spectrum. We considered an uncertainty
of ±1 pixel for the umbral radius in each measurement. The relative uncertainty of the umbral size decreases with increasing
umbral area. Since logarithmic binning was chosen, the bins for
small spots are narrower than the bins for large ones. For the first
bin (0.5 MHS) the width is about the same as the uncertainty of
the umbral area.
2.3.2. Small sample

For each of the 205 spots we used a threshold of 0.52 of the mean
quiet-Sun intensity to select its umbra (see Sect. 4.7.2 for the influence of the intensity threshold). From a circle with the same
area as the umbra we calculated an equivalent radius. We also
derived the minimum relative intensity (the darkest pixel) and
the maximum magnetic field strength. We furthermore marked
the penumbra manually and calculated the total magnetic flux
of the sunspot. Using this sample, we studied relations between
size, intensity, field strength, and flux of sunspots. We also analyzed the variation of minimum intensity and size measurements
in each hemisphere as a function of time. We grouped these data
using ten measurements in each but the last bin. The radii in the
large and small sample are not directly comparable, since we
applied diﬀerent thresholds, and in the small sample we did not
distinguish between multiple umbrae within one sunspot.
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2.4. Inversion of HMI data

We inverted the HMI data using an updated version of the Very
Fast Inversion of the Stokes Vector (VFISV, Borrero et al. 2007,
2011) code to retrieve the magnetic field. Assuming a source
function that varies linearly with optical depth, the code uses
a Milne-Eddington approximation to solve the radiative transfer equation. The best-fit solution of the code then returns the
height-independent values of the magnetic field strength, inclination and azimuth along with the velocity and other parameters.
The inversion was performed for all sunspots of the small sample. An example of the results is shown in Fig. 3. The standard
deviation of the estimated error of the magnetic field strength is
about 87 Gauss (G). Because HMI samples only six wavelength
positions, systematic errors in the magnetic field strength are
possible. Although the magnetic field strength in magnetograms
suﬀers from saturation eﬀects (Liu et al. 2007, 2012), we do not
see saturation in the inverted field strength. There are, however,
limitations on the maximum retrieved field strength using HMI
data. This is mainly due to the low light level in the center of dark
umbrae, the spacecraft velocity, presence of molecular blends,
as well as strong Zeeman splitting compared with the spectral
range of HMI. We did not use the spurious field strength, which
appeared only on a few large sunspots in our sample, but used
the maximum field strength where the inversion succeeded.

3. Results
3.1. Size, intensity, and field strength

We studied the umbral maximum field strength, minimum continuum intensity, and area (or its equivalent radius) in our data.
To this end, we selected 205 mature sunspots close to disk center, with a relatively simple structure, and approximately after
the end of their initial growth phase. Figure 3 shows a typical
spot of this sample.
Figures 4 and 5 show scatter plots of maximum field strength
and minimum intensity as a function of umbral radius, respectively. Figure 6 shows the relation between field strength and intensity. We plot power law and linear fits in all three cases. Fit
parameters can be found in Table 1.
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Table 1. Fit parameters and one-sigma errors for the linear (y = A + Bx) and power law (y = C ∗ xD ) relations for Figs. 4–7.
Fig.
4
5
6
7
7
7

x
R
R
I
Φ
Φ
Φ

y
B
I
B
B
R
I

A
1908 ± 35
0.319 ± 0.009
3254 ± 34
–
2.36 ± 0.07
–

B
119 ± 6
−(2.56 ± 0.16)10−2
−3937 ± 171
–
0.763 ± 0.019
–

C
1726 ± 48
0.830 ± 0.054
1601 ± 32
2176 ± 30
–
0.368 ± 0.012

D
0.24 ± 0.02
−0.958 ± 0.035
−0.26 ± 0.01
0.126 ± 0.009
–
−0.586 ± 0.017

CP
0.73
−0.78
−0.92
0.67
0.96
−0.72

CS
0.74
−0.76
−0.93
0.67
0.95
−0.68

Notes. R is the umbral equivalent radius in Mm, I the relative minimum intensity, B the maximum field strength in kG, and Φ the total magnetic
flux in 1021 Mx. CP and CS are the Pearson and Spearmann correlation coeﬃcients, respectively.

Fig. 4. Variation of umbral maximum field strength as a function of radius. Parameters of a linear fit (solid red line) and power law fit (solid
blue line) and correlation coeﬃcients are given in Table 1. The dashed
lines mark the one-sigma confidence level for each fit. The yellow and
purple lines mark the adopted linear fits from Kopp & Rabin (1992) and
SP, respectively. The upper x-axis shows the area corresponding to the
given radius.

Fig. 5. Variation of umbral minimum intensity vs. radius. For a more
detailed description, see caption of Fig. 4.

A power law fit reproduces the observed data better than
a linear fit in Figs. 4 and 5. This non-linearity motivated us to
fit a power law in the intensity-magnetic field strength relation
(Fig. 6) as well. The three power exponents are consistent, that
is, 0.23 ≈ (–0.96) * (–0.26), cf. Table 1. We also provide linear
fits for comparison with other authors (see Sect. 4).
3.2. Magnetic flux

We used the inclination maps from the inversions (Sect. 2.4) to
measure the total (unsigned) magnetic flux Φ of each sunspot in
the small sample. Figure 7 shows scatter plots of the umbral size,
intensity, and field-strength versus flux. Maximum field strength
and minimum intensity show non-linear relations with the flux.
The total magnetic flux of a sunspot is an integral quantity like
the size. The umbral equivalent radius shows a quite linear dependence on flux and has a tight correlation (middle panel). The
field strength and intensity show larger scatter compared with
size and non-linear behavior. We used power law relations to fit
these data.

Fig. 6. Maximum field strength of umbra vs. minimum intensity. For a
more detailed description, see caption of Fig. 4.

3.3. Northern and southern hemispheres

There are about 50% more sunspots in the northern hemisphere
than in the southern one in our full data (6892 umbrae). In a
six-month interval statistics, the northern hemisphere had more
sunspots than the southern except for the very last six month in
our data. This might indicate a time lag between the two hemispheres. Therefore, we tried to analyze the temporal variation of
the radius and intensity of umbrae in each hemisphere (Fig. 8).
The northern hemisphere does not show a significant variation
A52, page 5 of 10
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Fig. 7. Variation of umbral parameters with magnetic flux (Φ). Left: maximum field strength vs. Φ, center: radius vs. Φ, right: minimum intensity
vs. Φ. Parameters of a linear fit (solid red line) and power law fit (solid blue line) and correlation coeﬃcients are given in Table 1.
Table 2. Parameters of the lognormal fit and their one-sigma errors
(Eq. (1)).
Phase
Large sample
All data threshold 0.6
All data threshold 0.5
Schad & Penn (rising phase)
Bogdan et al. (1917–1982)

N
910
6892
5148
5127
24 615

σ
1.54 ± 0.09
1.54 ± 0.04
1.56 ± 0.05
1.60
1.16

μ
1.64 ± 0.12
1.56 ± 0.05
1.61 ± 0.06
2.00
0.86

Notes. The last two rows show fit parameters calculated from the parameters A and σA (cf. Eq. (2)) published by SP and BOG.

distribution. To weight the bins, the errors were taken proportional to the inverse of the square root of the number of entries
in each bin.
The lognormal distribution is

(ln x − μ)2
ρ (x) = √
,
exp −
2σ2
2πxσ
1

Fig. 8. Variation of intensity and size of sunspots in each hemisphere
vs. time. Each point represents the average of ten sunspots.



where x is the umbral size in MHS, and μ and σ are the two
fit parameters. Table 2 lists the fit parameters and their uncertainties. The mean value of the umbral area and the mean of the
PDF in the observed range are the same (13 MHS). The standard
deviation of the data (20 MHS) is similar to the value of the PDF
(26 MHS). The top panel of Fig. 9 shows our data and the fit
with uncertainties. The bottom panel of Fig. 9 shows the lognormal fits of the large sample and all data. The shapes of the two
curves are very similar. Neither counting each umbra only once,
nor reducing the data to fully evolved sunspots drastically modifies the distribution compared with the full dataset. This means
that we do not see an influence of the evolution of sunspots on
the distribution of umbral sizes in our data.

of the umbral radius vs. the solar cycle phase, that is, between
2 years and 4.5 years after the beginning of the cycle, while there
is a marginally significant change in the southern hemisphere
(2σ). The temporal variation of the intensity (lower panel) does
not show any significant variation in either hemisphere. This is
an important finding, and we return to this point in Sect. 4.6.

4. Discussion

3.4. Distribution of the umbral area
We used the sample of 910 unique umbrae (each counted once)
and the whole dataset of 6892 umbrae to study the area distribution. To approach the underlying probability density function
(PDF), ρ, the histogram was normalized such that its area was
unity. A Levenberg-Marquard least-squares procedure (Press
et al. 1992) was used to fit a lognormal function (Eq. (1)) to this

4.1. Relation between umbral size and field strength

A52, page 6 of 10

(1)

We carefully selected sunspots, taking mostly leading spots after the initial growth phase when most of the flux had emerged.
About half of the selected sunspots have a μ value higher than
0.9 (heliocentric angle θ < 26◦ ). In the following, we discuss our
results and compare them with earlier works.

Nicholson (1933) already found that the magnetic field strength
scales non-linearly with the umbral size, although his results

C. Kiess et al.: Properties of sunspot umbrae observed in cycle 24

4.2. Size–intensity relation

Figure 5 shows a non-linear relationship between the minimum
continuum intensity and the umbral radius. The umbral intensity
contrast decreases with increasing wavelength. This complicates
a direct comparison of the size–intensity and the intensity-field
strength relation with the results of other authors, which is why
we do not show adopted curves. This not only requires a correction factor to account for diﬀerent wavelengths, but also requires individual correction for stray-light removal applied in
each study. A power law fit matches the observed values better than a linear fit. SP presented a quadratic fit, while Mathew
et al. (2007) found that a power law fit better reproduced the
observations. The exponent of our power law fit compares well
with the exponent given by Mathew et al. (2007). These authors
used a wavelength range close to the HMI line.
4.3. Relation of field strength to intensity

Fig. 9. Umbral size distribution. Error bars in x-direction mark the width
of the bins. The error bars in y-direction are proportional to the inverse
of the square root of entries in each bin. Top: the black data points and
curve show our data and the lognormal fit, respectively. The colored
curves are adopted from SP and show their fit (after normalizing its
area) to the rising phase (red) and maximum (blue) of solar cycle 23.
The red arrow marks the data range used by SP. Bottom: comparison
of the complete sample of 6892 umbrae and the unique sample of 910
umbrae (no repetition). The dashed lines give the one-sigma errors of
the fit.

It is generally believed that the sunspot umbra is darker because
of a partial inhibition of convective energy transport in presence
of a strong magnetic field (Biermann 1941). There is a wellknown relation between the field strength and the intensity of
umbrae (e.g. Martinez Pillet & Vazquez 1993). Both maximum
field strength and minimum intensity show a non-linear dependence on the size of umbrae with noticeable intrinsic scatter. The
darkest umbrae in our data have minimum continuum intensities
as low as six percent of the quiet-Sun intensity, which indicates
a low amount of stray light (Fig. 6). SP fit a power law function
to the relation of field strength to intensity, while Rezaei et al.
(2012a) used a linear relation alone. The power law exponent
in our fit (–0.26) is lower than the one presented by SP because
of the weaker umbral contrast in the near infrared. The correlation between minimum intensity and maximum field strength
is significantly higher than the one between size and intensity.
Therefore, if no polarimetric measurements are available, the
umbral intensity is a better proxy for a rough estimation of the
magnetic field strength than the size, as suggested by Norton &
Gilman (2004).
4.4. Magnetic flux

for field strengths lower than 2000 G are biased by systematic errors. Since then, this relationship was confirmed by several authors (von Klüber 1948; Kopp & Rabin 1992; Livingston
2002; Rezaei et al. 2012a). In Fig. 4 we compare linear fits of
SP (Fe i 868.8 nm) and Kopp & Rabin (1992, Fe i 1.56 μm) with
our results. Because these spectral lines sample slightly diﬀerent layers of the solar atmosphere than the Fe i 617.3 nm line
(HMI), we evaluated the systematic oﬀset in the received field
strength. We used the COOL umbra model of Collados et al.
(1994) and the SIR code (Ruiz Cobo & del Toro Iniesta 1992;
Bellot Rubio 2003) to synthesize this model atmosphere for the
given lines and invert them as in case of VFISV. As expected,
the Fe i 1.56 μm line samples deeper layers of the atmosphere
and returns stronger field strengths (than the HMI line), while
the Fe i 868.8 nm line samples slightly higher layers, resulting in
lower values. Therefore, we applied a fixed correction (changing
the ordinate) before overplotting the curves of SP (purple) and
Kopp & Rabin (yellow) in Fig. 4. The line of SP is quite parallel
to our line, with an oﬀset of about 300 G.

The generally adopted scenario of a forming active region is the
rise of a buoyant flux tube in the convection zone (Parker 1955;
Spruit 1981; Caligari et al. 1995). The buoyancy requires definite values of the magnetic field strength, and the rise of a buoyant flux tube is accompanied by a horizontal expansion. Cheung
et al. (2007) found in simulations that a scaling relation forms
between the field strength and the plasma density before the
emergence on the solar surface. The final field strength is the
result of the interaction between the rising flux tube and the turbulent convection in an stratified atmosphere. The total magnetic
flux is one of the parameters that determines the size, intensity,
and field strength of a sunspot. During the formation process,
pores and small flux patches migrate and accumulate enough
flux to form sunspots (Zwaan 1992; Leka & Skumanich 1998;
Schlichenmaier et al. 2010a). The total flux of a sunspot is lower
than the total flux of the corresponding flux tube because a fraction of flux disperses in plages and cancellations (e.g., Cheung
et al. 2010).
For a better understanding of the interplay between the flux
and maximum field strength as well as size and intensity, we plot
these parameters vs. flux in Fig. 7. The scatter in the plot of the
relation of field strength to flux (left panel) is reminiscent of the
A52, page 7 of 10

A&A 565, A52 (2014)

scatter in the plot of field strength to size (Fig. 4). The umbral
field strength perhaps also depends on the fraction of penumbral
flux. Steinegger et al. (1990) found that the ratio of the umbra
to penumbra area is positively correlated with the spot size. The
linearity of the relation of sunspot radius vs. flux (Fig. 7, middle
panel) suggests that one might use the sunspot size as a proxy for
its flux. From this point of view, the left and right panel of Fig. 7
are similar to Figs. 4 and 5, respectively. Umbral sizes oscillate
during the lifetime of spots, in particular for long-lived spots
with a timescale of 3–5 days (Robinson & Boice 1982). This
is much longer than the dynamical timescale: the Alfvén and
sound timescale (at τ = 1 level) in a moderate-sized spot is on
the order of an hour (Rempel & Schlichenmaier 2011). It needs
to be investigated whether these size oscillations leave traces in
the maximum field strength of spots.
4.5. Maximum field strength and strength of a cycle

At first glance, Fig. 4 suggests that the maximum field strength of
sunspots level oﬀ at a certain value. In principle, the maximum
field strength is a result of the horizontal pressure balance of umbrae and the surrounding atmosphere (e.g., Ossendrijver 2003).
This simple picture, however, cannot explain the scatter in the
left panel of Fig. 7. As seen in this figure, the maximum field
strength does not increase much from sunspots with a flux of 5
to 15 × 1021 Mx (≈3.2 kG and ≈3.4 kG, respectively). Livingston
(2002, their Fig. 2) and Rezaei et al. (2012a, their Fig. 3) also did
not find field strengths higher than about 4 kG in cycles 22 and
23, respectively.
The strongest umbra in cycle 24 in our data has a field
strength of 3.4 kG, comparable with cycle 23 (3.6 kG using infrared lines, Rezaei et al. 2012a). Our results agree with Norton
et al. (2013), who found no variation in the maximum field
strength of umbrae between cycle 23 and 24. Livingston et al.
(2006) compiled old observations and reported maximum field
strengths of up to 6 kG. The number of sunspots with a very
strong field strength, however, dropped sharply in the last few
cycles. Does the Sun fail to generate large and strong sunspots?
Livingston et al. (2006) found a fraction of 0.2% for umbrae with
a field strength stronger than 4 kG. In our sample of 205 spots
we would expect 0.4 spots and do not observe such a strong field
strength.
The strength of solar cycles is determined by the number of
sunspots, their darkness, and by the field strength. Cameron &
Schüssler (2012) proposed that the strength of a cycle changes as
a function of cross-equator flux transport and near-surface flows
(see also Durrant et al. 2004; Cameron et al. 2013). They used
the open flux parameter (Wang & Sheeley 2009) as a precursor
of the next solar cycle. These authors found that the non-linear
growth of disturbances caused by an occasional emergence of
a large active region near the solar equator can significantly amplify or weaken the next solar cycle. Hence it is perhaps too early
to conclude that no sunspot appears in cycle 25, as proposed by
Livingston et al. (2012).
4.6. Hemispheric asymmetry and temporal variation

We present the temporal variation of intensity and size of umbrae
in Fig. 8 and find no significant trend for the umbral intensity
in either hemisphere during the rising phase of cycle 24. Our
finding is in contrast to results reported by Norton & Gilman
(2004), who found a decrease in umbral intensity in the rising
phase of cycle 23. These authors used the MDI instrument with
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a spatial resolution of about 2 . In comparison, HMI data have
a spatial resolution of 1 . No stray-light correction was applied
in either study. Mathew et al. (2007) found a decrease in the
umbral intensity in the northern hemisphere, but attributed it to
variations of umbral size in that time interval and considered it
insignificant. The time interval of our data is about half of that of
Mathew et al. (2007). Our finding also agrees with Norton et al.
(2013), who found no variation in umbral intensity during the
rising phase of cycle 24, as well as de Toma et al. (2013) who
find no variation in the umbral intensity from 1986 to 2012.
In our data the number of sunspots in the northern hemisphere is about 50% larger than in the southern one. This either
indicates that there is a time lag between the two hemispheres,
or that there is a significant diﬀerence regardless of the phase of
the solar cycle (Knaack et al. 2004). There are several reports
of the hemispheric asymmetry in meridoinal flow (Howard &
Gilman 1986), polar field reversal (Durrant & Wilson 2003), and
the magnetic activity (Temmer et al. 2002; Brajša et al. 2005).
McIntosh et al. (2013) found that overall in cycles, the northern
hemisphere experienced a larger number of spots since 1965,
while the southern hemisphere had an excess in sunspot number
in the declining stage of the last four cycles. Hence, our finding
of a leading northern hemisphere agrees with the latter authors.
An increase of the umbral radius is seen only in spots in the
southern hemisphere (Fig. 8).
4.7. Umbral size distribution
4.7.1. Comparison with BOG and SP

To compare our result for cycle 24 with those of previous cycles,
one has to convert the fit parameters reported in SP and BOG
into our definition. These authors used a diﬀerent definition of
the lognormal function,
 
 
(ln A − lnA )2
dN
dN
ln
+ ln
,
(2)
=−
dA
2 ln σA
dA max
where A is the umbral size, (dN/dA) is the density function, A
the mean and σA the width of the distribution. With this definition, the
is normalized to its maximum and not its
 function

integral ( dN
scales
the distribution). To normalize Eq. (2)
dA max
 
to its area, that is, make it a PDF, one has to select dN
dA max =
(2πA 2 σA ln σA )−1/2 . It is straightforward to show that these two
definitions are mathematically identical. The conversion factors
are the following:

σ = ln σA
and
μ = lnA + ln σA .
(3)
These relations allow one to convert the fit parameters given by
SP and BOG into our definition (Table 2).
The top panel of figure 9 shows the lognormal fit of the umbral size distribution in the current solar cycle and the previous
one. The red curve was calculated using the results of SP for the
ascending phase of solar cycle 23. We converted their parameters
into our definition using Eq. (3). The curves of the rising part of
solar cycle 23 and 24 are similar (the fit parameters of these two
fits are listed in Table 2). Although our fit parameters diﬀer from
those published by SP, the distributions are close in the relevant
part of the size spectrum (i.e., between 0.5 and 200 MHS where
we actually fitted the data) and the strongest deviation belongs
to the smallest umbral radii. This also agrees with the invariant
umbral area distribution reported by BOG and SP. Therefore, we
conclude that the umbral size distribution of the current solar
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cycle (24) is similar to the distribution of the previous one. Note
that BOG did not use a threshold method to determine the umbral size, which makes the results not exactly comparable. Also
note that they considered only spots within ±7.5 deg from the
meridian, while SP and we included all sunspots except those at
the very limb.
For umbrae larger than 100 MHS there is a deviation between the fit and the data (Fig. 9), which is also the case for cycle 23 in SP (their Fig. 1). Although in both cases this diﬀerence
is within the given errors, one might argue that the assumption
of a lognormal distribution fails in this part of the size spectrum
in the early stage of the cycle.
4.7.2. Influence of the intensity threshold

The continuum intensity at the umbra-penumbra border was assumed to be 0.6. For a discussion of the influence of this on
the umbra-penumbra area ratio, see Steinegger et al. (1996)
and Gyori (1998). We repeated our analysis for several intensity thresholds between 0.5 and 0.6 of quiet-Sun mean intensity.
Table 2 contains the fit parameters for the umbral size distributions for thresholds of 0.5 and 0.6 Ic . The size distribution is very
robust with respect to this parameter, the distributions do not
show a significant diﬀerence. We chose a lower threshold (0.52)
for the analysis of umbral properties in the 205 sunspots for
which we inverted the magnetic field. This decision was made
to reduce the risk of contamination of the umbra with penumbral light.
4.7.3. Temporal invariance of the size distribution

Our umbral area distribution (Fig. 9) is similar to that of SP.
These authors compared diﬀerent parts of cycle 23 and found
only a weak variation in the umbral size distribution. BOG noted
that the distribution function does not change from one cycle to
the next. This is in contrast to other umbral properties such as
umbral brightness (Albregtsen & Maltby 1978; Albregtsen et al.
1984) or magnetic field strength (Livingston et al. 2012; Rezaei
et al. 2012a), which vary within the solar cycle or show a longterm trend (Nagovitsyn et al. 2012).
4.8. Error discussion

Intensity measurements always have to be taken with caution
because they are to some degree biased by stray light. We did
not correct for this because when we analyzed the data no point
spread function (PSF) was available for HMI. Fortunately, the
low minimum umbral intensities we found in this work indicate
a low degree of stray-light contamination, or at least a very narrow PSF compared with the size of large umbrae. See Yeo et al.
(2014) for recent results regarding the PSF of HMI.
The errors to the curve fits in the scatter plots between intensity, magnetic field strength, radius, and magnetic flux (Figs. 4 –
7) were calculated using the errors of the individual measurements, which are the spatial resolution of the telescope for the radius and an uncertainty of 150 G for the magnetic field strength.
Our findings might still be biased by random errors, especially
since the statistics covers only 2.5 years of data. Therefore the
relations for large spots have to be taken with caution, since the
intrinsic scattering in all parameters is high.
The same argument holds for the umbral size distribution.
Our histogram falls below the lognormal curve for umbrae larger
than 100 MHS, but since there are very few measurements in this

part of the histogram, this may just be coincidence because our
statistics covers only 2.5 years. Owing to the limited statistics,
the errors for the temporal variation of umbrae are large and an
observed trend is barely significant. On the other hand, short as
they are, our statistics are complete and cover all sunspots during
the rising phase of the current cycle (24).

5. Summary and conclusion
We used HMI data to investigate properties of sunspots in the
ascending phase of solar cycle 24. We used one solar image per
day and applied an automated thresholding method to measure
the umbral area. The data were corrected for limb-darkening and
foreshortening eﬀects. We performed an inversion to retrieve the
magnetic field vector for a hand-selected subset of 205 sunspots.
We used the large sample (910 unique umbrae) to analyze the
distribution of umbral sizes, while the small sample enabled us
to study empirical relations and temporal variations of size, magnetic field strength, and continuum intensity. The relations between magnetic field strength, continuum intensity, and size of
the umbrae are similar to previous studies, an invariant size-field
strength relationship very likely exists.
The relation between umbral intensity and size shows a
power law behavior with an exponent similar that of the previous
cycle. Compared with a linear fit, a power law function fits the
dependency of intensity on magnetic field strength and size better. The continuum intensity is a good proxy of the field strength,
while the sunspot flux closely follows the umbral area. The umbral radius shows an increase in the southern hemisphere, while
no significant temporal variation in the northern hemisphere was
observed. The umbral intensity does not show a temporal variation in the ascending phase of cycle 24 similar to cycle 23. The
umbral size distribution is also similar to that in the rising phase
of cycle 23. Using sunspot properties in the ascending phase of
cycle 24, we found no evidence for a significant decrease in solar activity, as was suggested for instance by Livingston et al.
(2012). We will continue to monitor sunspot properties and their
changes through the rest of this cycle to examine the likelihood
of a long-term decrease of the solar activity.
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