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ABSTRACT

Aims. We study the variation in the magnetic field strength, area, and continuum intensity of umbrae in solar cycles 23 and 24.
Methods. We analyzed a sample of 374 sunspots observed from 1999 until 2014 with the Tenerife Infrared Polarimeter at the German
Vacuum Tower Telescope and the Facility InfRared Spectropolarimeter at the Dunn Solar Telescope. The sample of field strength,
area, and intensities was used to trace any long-term or cyclic trend of umbral properties in the last 15 years.
Results. Sunspots are systematically weaker, that is, have a weaker field strength and stronger continuum intensity, toward the end
of cycle 23 than they had at the maximum of cycle 23. The linear trend reverses with the onset of cycle 24. We find that the field
strength decreases in the declining phase of cycle 23 by about 112 (±16) G yr−1, while it increases in the rising phase of cycle 24 by
about 138 (±72) G yr−1. The umbral intensity shows the opposite trend: the intensity increases with a rate of 0.7 (±0.3)% of Ic yr−1

toward the end of cycle 23 and decreases with a rate of 3.8 (±1.5)% of Ic yr−1 toward the maximum of cycle 24. The distribution of
the umbral maximum field strength in cycle 24 is similar to that of cycle 23, but is slightly shifted toward lower values by about 80 G,
corresponding to a possible long-term gradient in umbral field strength of about 7 ± 4 G yr−1. If instead of the maximum umbral field
we consider the average value over the entire umbra, the distribution shifts by about 44 Gauss.
Conclusions. The umbral brightness decreases in the rising stage of a solar cycle, but increases from maximum toward the end of the
cycle. Our results do not indicate a drastic change of the solar cycle toward a grand minimum in the near future.
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1. Introduction

Sunspots are the largest magnetic flux concentrations in the so-
lar photosphere. The magnetic energy density inside sunspots is
higher than the kinetic energy density, resulting in a partial sup-
pression of the convection. Larger umbrae are darker and show
a higher magnetic field strength (Bray & Loughhead 1964).
Sunspot properties have been summarized in several review pa-
pers (Solanki 2003; Thomas & Weiss 2004; Moradi et al. 2010;
Rempel & Schlichenmaier 2011; Borrero & Ichimoto 2011).

Biermann (1941) proposed that sunspots are cooler than their
surroundings because the convective energy transport is sup-
pressed by the strong magnetic fields. Later studies show that
the convection is not fully suppressed (Jahn 1989). Since the
mainly vertical field lines in umbra partially quench the con-
vection, several authors searched for a relation between umbral
intensity and umbral field strength. Kopp & Rabin (1992), Penn
et al. (2002), Schad & Penn (2010), and Rezaei et al. (2012)
presented this relation for different samples of sunspots in the
near-infrared wavelength range, while among others, Norton &
Gilman (2004), Leonard & Choudhary (2008), Pevtsov et al.
(2011), Watson et al. (2014), Kiess et al. (2014), and Schad
(2014) made similar analyses in the visible wavelength range.

A similar trend was found for the local relation between the
magnetic field strength and intensity within a single sunspot:
the umbral intensity is inversely dependent on the magnetic
field strength in a nonlinear way, as shown, for example,

by von Klüber (1948), Lites et al. (1993), Martinez Pillet &
Vazquez (1993), Balthasar & Schmidt (1993), Stanchfield et al.
(1997), Westendorp Plaza et al. (2001), and Penn et al. (2003).
Theoretical considerations (e.g., Nordlund & Stein 1990) also
predict such a relationship. Hot rising material (like umbral dots)
partially expels field lines, which results in a weaker magnetic
field strength in umbral dots than in the dark umbra, as seen
in the magnetoconvection simulations of Schüssler & Vögler
(2006).

Norton et al. (2013) compared the relation of the intensity
to the field strength in individual spots and in a small sample
of sunspots and found a strong correlation between intensity
and field strength in both cases. Norton & Gilman (2004) found
that the umbral intensity is a good tracer of the magnetic field
strength because the umbral contrast in the visible is higher than
in the infrared (see also Kiess et al. 2014). Determining the rela-
tion of the intensity to the field strength based solely on MDI or
HMI data is difficult, however, because for high field strengths,
the spectral line splits beyond the spectral range sampled by the
five or six sparsely spaced filter measurements.

Several authors found evidence that the minimum continuum
intensity is a function of umbral area (or radius). The high um-
bral contrast in the visible wavelengths allowed Mathew et al.
(2007), Schad (2014), and Kiess et al. (2014), among others,
to study the variation of umbral continuum intensity as a func-
tion of size. These authors reported a nonlinear decrease of the
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intensity with umbral radius. Schad & Penn (2010) and Rezaei
et al. (2012) used 0.87 and 1.56 μm continuum intensities and re-
ported nonlinear and linear relations between minimum intensity
and umbral size, respectively.

There are contradictory reports about temporal variation of
the umbral intensity. Albregtsen et al. (1984), for instance, found
that umbrae are brighter at the end of a cycle than at its be-
ginning. This linear trend was challenged by Norton & Gilman
(2004), who found a cyclic variation such that the intensity de-
creases from the early phase to the maximum of a cycle and
then increases after the cycle maximum. Yet another group of
authors, among them, Mathew et al. (2007), found no temporal
variation in umbral intensity as a function of solar cycle. These
incompatible results are discussed in Sect. 5.3.

The relation between umbral intensity and field strength im-
plies that the temporal variation of the umbral intensity might
be linked with a temporal variation in the field strength. This
was observed by several groups using different telescopes and
spectral lines (Watson et al. 2011; Pevtsov et al. 2011; Rezaei
et al. 2012). The variation in the field strength of sunspots
in the last two cycles has been the subject of several studies
(Livingston 2002; Penn et al. 2003; Norton & Gilman 2004;
Penn & MacDonald 2007; Leonard & Choudhary 2008; Schad &
Penn 2010). Livingston (2002) found that cycle 23 was weaker
than cycle 22. Livingston et al. (2006) and Penn & Livingston
(2011) found that the field strength of sunspots was stronger at
the beginning of cycle 22 than at its end. Rezaei et al. (2012),
Pevtsov et al. (2014), and Schad (2014) reported a cyclic varia-
tion of the field strength, but found no significant trace of a long-
term variation in their data. Livingston et al. (2012) predicted a
monotonic decrease of sunspot field strength that should lead to
the disappearance of sunspots in cycle 25.

Rezaei et al. (2012, hereafter Paper I) studied 185 sunspots
observed by the Tenerife Infrared Polarimeter (TIP-I and TIP-II,
respectively; Martínez Pillet et al. 1999; Collados et al. 2007) be-
tween 1999 and 2011. This work is an extension of our previous
work (Paper I) with almost twice as many spots and extending
toward the maximum phase of cycle 24. We use the same tech-
nique as in Paper I, that is, spectropolarimetric observations of
sunspots at infrared wavelengths, to study the variation of um-
bral properties and estimate an upper limit for any long-term
variation.

2. Observations

We analyzed a sample of 374 sunspots observed from 1999
to 2014. Each sunspot was scanned by moving the solar im-
age across a spectrograph slit, resulting in a two-dimensional
map. Among them, 317 spots have been observed with TIP
at the German Vacuum Tower Telescope (VTT, Schröter et al.
1985). Using the service-mode observations1 at the Dunn Solar
Telescope, we also gathered 57 sunspot maps observed with the
Facility InfRared Spectropolarimeter (FIRS, Jaeggli et al. 2006,
2010). FIRS operates at a wavelength range similar to TIP. A list
of spectral lines and the number of maps observed in each wave-
length are shown in Table 1. Only one new spectral line was
introduced in this analysis. The new line, Fe i 1078.3 nm, has an
effective Landé factor of 1.5 and is similar to the Fe i 1089.6 nm
line (see, e.g., Balthasar & Collados 2005). Thanks to the DST
service mode observations, there is a better temporal coverage in
2013−2014.

1 http://nsosp.nso.edu/dst/smex

Table 1. Atomic parameters of the spectral lines (Nave et al. 1994;
Radziemski, Jr. & Andrew 1965).

Line λ (nm) Exc pot (eV) g-effective # Maps
Fe i 1564.852 5.43 3.00 160
Fe i 1089.630 3.07 1.50 16
Si i 1082.709 4.95 1.50 180
Fe i 1078.300 3.11 1.50 18

Notes. The number of sunspot maps in each wavelength band is shown
in the right column.

Our analysis used only sunspots with a limb distance of at
least 60 arcsec (θ < 72◦, i.e., μ > 0.3). Beyond θ > 72◦, the mag-
netic neutral line passes through the umbra. In addition, there is
no reliable umbral center-to-limb correction curve for the inten-
sity at the very limb. Avoiding spots that were close to the limb
allowed us to reliably estimate the heliocentric angle from full-
disk images of the Michelson Doppler Imager (MDI, Scherrer
et al. 1995) onboard the SOHO spacecraft or the Helioseismic
and Magnetic Imager (HMI, Scherrer et al. 2012; Schou et al.
2012) onboard the Solar Dynamics Observatory (SDO, Pesnell
et al. 2012). We used the measured heliocentric angles to correct
for the center-to-limb variation of umbral parameters (Sects. 3.2
and 3.3). In addition, the umbral and penumbral area of each
spot was also measured in the full-disk images of MDI (till end
of 2009) and HMI (from 2010 onward). The full-disk images of
continuum intensity were corrected for center-to-limb effects us-
ing the same method as in Kiess et al. (2014). A fixed threshold
of 0.6 and 0.9 Ic was used to select the umbra and penumbra,
respectively. The measured areas were corrected for projection
effects.

3. Data reduction

3.1. Field strength measurement

For each sunspot map, we first created an average quiet Sun pro-
file that was used to estimate the spectral dispersion and the
continuum intensity. Similar to Paper I, we counted the num-
ber of lobes for each Stokes-V profile above 4σ noise level and
discarded all abnormal profiles, that is, profiles showing large
Stokes-V asymmetries or multiple lobes. The distance of the
two σ-components was then used to estimate the magnetic field
strength (Eq. (1), Paper I) assuming the strong-field approxima-
tion (Stix 2002; Landi degl’Innocenti & Landolfi 2004). This
assumption is fulfilled in the near-infrared wavelength range in
which the lobe separation is significantly larger than the Doppler
width of the line (e.g., Rezaei et al. 2006).

3.2. Center-to-limb variation of umbral intensity

Profiles in every map were normalized to the continuum inten-
sity of average quiet Sun in the same map. This is possible since
we have a two-dimensional scan for each sunspot and each map
covers some granulation area outside the sunspot. We used the
limb-darkening measurements of Albregtsen et al. (1984) to cor-
rect the measured intensities for the given heliocentric angle in
each wavelength band.

3.3. Center-to-limb variation of field strength

To account for the variation of sunspot field strength with dis-
tance from the center of the solar disk, we have created separate
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CLV curves for each spectral line. To this end, each spectral
line was synthesized at 20 heliocentric angles and the corre-
sponding profiles were analyzed like observations. The mea-
sured field strength then resulted in CLV curves for the field
strength estimated from each line. As expected, the field strength
did not show a large CLV variation for all lines except for the
Si i 1082.7 nm line, which is the strongest line in the list. Values
of magnetic field strength and continuum intensities were then
corrected for the given heliocentric angles. This resulted in a
data set in which all spots appear as if observed at disk center.

3.4. Scaling field strength and intensity to the Fe I 1.56 μm
line

To have all continuum intensities scaled to a fixed wavelength
range, namely 1.56μm, we used the SIR code (Ruiz Cobo &
del Toro Iniesta 1992; Bellot Rubio 2003) to synthesize a set of
standard umbral models (at disk center). This includes the three
models of Maltby et al. (1986) and models of Collados et al.
(1994) and Socas-Navarro (2007) for each wavelength range.
Then we made a linear fit to the ratio of continuum intensit
ies between 1.08 and 1.56μm. This resulted in the following
equation:

I1.56 = (I1.08 + 0.246) × 1.092. (1)

To have a uniform sample of umbral intensities, we applied this
correction to all observations.

There is a systematic offset in the estimated field strengths
since different spectral lines form at different heights in the at-
mosphere, resulting in slightly different atmospheric parame-
ters (e.g., Cabrera Solana et al. 2005). In absence of informa-
tion about the gradient of the magnetic field strength in each
sunspot at a given heliocentric angle, we synthesized all lines
for a few umbral model atmospheres (e.g., Collados et al. 1994;
Socas-Navarro 2007). The synthesized profiles were analyzed
the same way as observed ones. The systematic offsets between
different lines were then corrected such that all measured values
are adjusted to the one from the Fe i 1564.8 nm line.

3.5. Error estimate

Error estimates for the magnetic field strength usually result in
small errors since they only relate to uncertainties in the sepa-
ration of the σ-lobes in Stokes-V . This uncertainty introduces
a random error with a σB about 20 to 60 G, depending 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 (e.g., Beck et al. 2007).
The systematic error due to the different sensitivity of spectral
lines to the solar atmosphere was accounted for in Sect. 3.4.

The amount of the field strength gradient in sunspot atmo-
spheres is variable from one spot to another as well as from one
model to another. We have adopted the cool model of Collados
et al. (1994) to estimate the offsets between magnetic field
strength values retrieved from different spectral lines. To esti-
mate the uncertainty due to the assumed field strength gradient,
we repeated the computations with the hot model of Collados
et al. (1994). The differences between the offsets from these two
models amount to 50−130 G. Hence, a more realistic error for
the maximum field strength in each sunspot is approximately
80−140 G (taking 60 G as the random error). As discussed in
Sect. 5, we can use the mean umbral field strength instead of the
maximum field strength to trace cyclic and long-term variations.
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Fig. 1. Scatter plot of corrected sunspot intensity and field strength
for all observed sunspots. Different symbols denote different observed
wavelengths.
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Fig. 2. Continuum intensity at 1.56 μm as a function of umbral radius.
The black line shows a linear fit and the gray line 3σ margins. For a
description of different symbols, see caption of Fig. 1.

The advantage of using the mean value is that the random noise
is smoothed out since each umbra contains several hundred to
several thousand pixels.

4. Results

4.1. Relation of field strength to intensity

Our homogenized sample shows the well-known empirical rela-
tions between the minimum umbral intensity vs. the maximum
field strength, Bmax (Fig. 1), in agreement with earlier obser-
vations (Kopp & Rabin 1992; Penn et al. 2002). Since all in-
tensities and magnetic field strength values were scaled to the
Fe i 1564.8 nm line, the slope is only comparable to other works
when observations have been performed in this spectral line.

4.2. Relation of intensity to radius

From measurements of the minimum umbral continuum inten-
sity from spectropolarimetric data and the umbral area derived
from solar full-disk images (Sect. 2), we can investigate the re-
lation of intensity to radius of sunspot umbrae. Figure 2 shows
the variation of the minimum umbral intensity at 1.56μm vs.
umbral radius along with a linear fit. The slope of the linear fit
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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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than those close to minimum. The intensity difference of about
4% of Ic between the maximum and minimum amounts to some
150 K difference in the brightness temperature of the umbra, tak-
ing into account the HSRA brightness temperature of the quiet
Sun at 1.56μm of ≈6700 K (Gingerich et al. 1971).

We also present a linear fit to the whole data (1999−2014)
to study a possible (monotonic) long-term trend in umbral prop-
erties. The fit shows that there is a weak long-term trend in the
magnetic field strength of −13 ± 4 G yr−1. The trend in contin-
uum intensity is 0.2 ± 0.1% of Ic yr−1. The results of this and all
other linear fits are shown in Table 2.

While the maximum umbral field strength was discussed in
literature (as well as in this paper), we would like to investi-
gate the average field strength of sunspot umbrae as well. This
is motivated by the observation that the average field strength
does not suffer from the random errors that exist in individ-
ual measurements. Reporting a mean field strength is therefore
recommended, but is available only to authors who have two-
dimensional maps of sunspots. Repeating the same monotonic
linear fit for the average field strength of umbrae rather than
their maximum, we would obtain a temporal gradient of about
−6 ± 3 G yr−1. In Sect. 5.6, we compare the temporal gradient
of the field strength with an independent measurement based on
the distribution of the field strength in cycles 23 and 24.

5. Discussion

5.1. Continuum intensity as a function of umbral size

It is known from previous observations that larger umbrae are
darker. This was first attributed to stray light by Zwaan (1965),
but later studies found a real relation between the size and
intensity in sunspot umbrae (McIntosh 1981; Stellmacher &
Wiehr 1988; Martinez Pillet & Vazquez 1993). Mathew et al.
(2007), Wesolowski et al. (2008), Leonard & Choudhary (2008),
de Toma et al. (2013), Schad (2014), and Kiess et al. (2014) stud-
ied the variation of the umbral intensity in the visible wavelength
range. Schad & Penn (2010) used the Fe i 868.8 nm line in their
investigation. All of these authors found a nonlinear relation be-
tween the minimum umbral intensity and the umbral area, fitted
either with a quadratic, a logarithmic, or a power-law function.
In contrast, Rezaei et al. (2012) presented a linear relation of the
infrared intensity to radius and did not find a nonlinear trend as
in the visible wavelength range. Our present results agree with
those of Rezaei et al. (2012), although the trend has less scatter
in our data than was reported by Rezaei et al. (2012) because we
here used an independent measurement of the umbral area that
does not suffer from incomplete spatial coverage of the sunspots
in the maps. The slope of the intensity-radius variation is shal-
lower in infrared measurements than in visible observations be-
cause the Planck function has a steeper gradient at 0.6 μm than
at 1.56 μm.

As shown by Kiess et al. (2014, Fig. 7), the umbral radius has
a tight correlation with the total magnetic flux of the sunspot. In
this context, it can be understood why larger umbrae are darker:
the horizontal pressure balance with the surrounding granulation
implies an increasing magnetic field strength toward the center
of the umbra for larger umbrae. The higher field strength then
further suppresses the umbral mode of magnetoconvection. In
addition, the radiative energy transport through the boundary
of the umbra and penumbra becomes progressively inefficient
with increasing umbral size. As a result, the gas temperature de-
creases with umbral size.

5.2. Temporal variation of the umbral field strength

Several authors reported an increase of the umbral field strength
in the rising phase and a decrease in the declining phase of the
solar cycle. We find the same cyclic variation in umbral field
strength, in agreement with Pevtsov et al. (2011), who used the
old Soviet-era observations in visible wavelengths that cover
five solar cycles. These authors found a temporal gradient of
the field strength in the declining phase of cycle 23 of about
−119 G yr−1. Watson et al. (2011) used a similar wavelength
range and found that the field strength decreased by 70 G yr−1

in the declining phase of cycle 23. Unlike these visible measure-
ments, Penn & Livingston (2006) used a sample of 900 intensity
profiles of sunspots (each average of five recorded spectrums)
between 1998 and 2005 observed in the Fe i 1564.8 nm line and
reported a monotonic temporal gradient of −52 G yr−1, while
in Paper I, we reported a linear trend of −94 G yr−1 using full
Stokes maps of 185 sunspots observed in infrared spectral lines
(both reports correspond to the declining phase of cycle 23). The
temporal gradient of the field strength in the declining phase of
cycle 23 in this contribution (−112 G yr−1) agrees with our pre-
vious measurements and with those of Pevtsov et al. (2011) and
Watson et al. (2011) within the error margins.

Regardless of whether 2012 or 2013 is adopted as the max-
imum of cycle 24, we find a positive temporal gradient of the
magnetic field strength with time in the rising phase of this cy-
cle that is three times larger than the one-σ error margin. This is
inconsistent with Livingston et al. (2012), who claimed a mono-
tonic decrease of the sunspot field strength through the whole
cycle.

5.3. Temporal variation of the umbral intensity

As discussed in Sect. 1, there are contradictory reports about the
temporal evolution of the umbral brightness during a solar cycle.
While some authors reported no temporal variation over several
solar cycles, others found linear or cyclic trends.

Linear trend. Several authors found that umbrae brighten dur-
ing a solar cycle (in agreement with Albregtsen & Maltby 1978).
Albregtsen et al. (1984), for instance, examined 22 mature spots
between 1968 and 1983 and stated that umbrae are brighter to-
ward the end of a solar cycle. Maltby et al. (1986) came to the
same conclusion: the umbral intensity increases monotonically
during a solar cycle, and there is a sharp discontinuity between
the umbral brightness at the end of a cycle and the beginning
of the next cycle. Penn & Livingston (2006) also reported an
increase in umbral continuum intensity of 1.8% per year (at
1.5 μm wavelength) between 2001 and 2006 (declining stage of
cycle 23). Watson et al. (2011) used MDI data and found that
umbrae brightened during the declining phase of cycle 23. In
Paper I, we also found a similar trend using infrared data: the
umbral intensity increased in the declining phase of cycle 23.

No trend. Mathew et al. (2007) analyzed 160 sunspots using
SOHO MDI data and did not find any variation in umbral in-
tensity between 1998 and 2004. When spots of all sizes were
included, de Toma et al. (2013) did not find any trace of vari-
ation in umbral intensities between 1986 and 2012 in full-disk
images of the San Fernando telescope. Wesolowski et al. (2008)
also found no significant variation in umbral intensity either in
the rising or declining phase of cycle 23 (1997−2004). Norton
et al. (2013) and Kiess et al. (2014) found no significant tempo-
ral variation in the rising phase of cycle 24 using HMI data.
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Fig. 4. Variation of umbral area as a function of time. For a description
of lines and different symbols, see Figs. 1 and 3.

Cyclic trend. Norton & Gilman (2004) used MDI observations
at 676.8 nm and for the first time noted that the umbral intensity
decreased in the rising stage of cycle 23 while it increased in
the declining stage. This cyclic variation contradicts all studies
that reported either a linear or no trend within the cycle. Penn
& MacDonald (2007) observed the Sun at 868.8 nm using the
KittPeak facilities between 1992−2003 and reported a cyclic os-
cillation in umbral intensities such that umbrae are darker at cy-
cle maximum and brighter at cycle minimum. In our analysis, we
find both an increase in umbral intensity in the declining phase
of cycle 23 (as in Paper I) and a decrease in umbral intensity in
the rising phase of cycle 24 (Table 2). Hence, we recovered the
cyclic variation of the umbral intensity during a solar cycle at
1.56 μm as reported by Norton & Gilman (2004) and Penn &
MacDonald (2007) for shorter wavelengths.

5.4. Temporal variation of the umbral area

A cyclic variation of the total sunspot area as a function of solar
cycle was reported by Watson et al. (2011). The reported tempo-
ral gradients of umbral area by Mathew et al. (2007) are within
the error margins, while Rezaei et al. (2012) found no significant
variation. The results of our study (Fig. 4 and right column of
Table 2) also show a cyclic variation: the umbral area increases
from cycle minimum toward the maximum, but then decreases
from the maximum toward the next minimum. The sign of the
temporal gradient of the umbral area in the declining and rising
stages of cycles 23 and 24 complies with the temporal variation
of field strength since both quantities have a positive correlation.
The temporal gradients of umbral area are usually not as reliable
as those of the field strength or the intensity. The monotonic lin-
ear trend of umbral area for the whole time span (1999−2014)
has a different sign: while the field strength decreases, the um-
bral area shows an increase. This is perhaps due to the fact that
up to 2009, we used the MDI continuum with a pixel size of
about two arcseconds, a factor four larger than for the HMI full-
disk continuum images. The uncertainties in the measured ar-
eas are therefore accordingly larger between 1999−2009 than for
2010−2014. Watson et al. (2014) also discussed systematic dif-
ferences between umbral intensities in MDI and HMI data. Our
results agree with those of Kiess et al. (2014), who reported a
linear increase of the umbral area in the rising phase of cycle 24.

Fig. 5. Comparison of the distribution of maximum field strength in
sunspots observed in cycles 23 and 24. The maximum of the two
Gaussians for cycle 23 and 24 is at 2.68 and 2.60 kG, respectively.
The dashed curve shows the distribution of the measured magnetic field
strength in cycle 23 from 2003 until 2007 reported by Livingston et al.
(2012).

5.5. Cyclic variation of umbrae

The well-known relation between umbral area, intensity, and
field strength was reported by many authors (for recent studies
see Kiess et al. 2014; Schad 2014). This implies that a cyclic
variation in any one of these three umbral parameters are like-
wise expected to appear in the other two. We presented such
cyclic variations in the intensity, area, and the field strength.
During a solar cycle, the location of sunspots progressively
moves equatorward. Sunspots first appear at about 30−40◦, and
at the end of a cycle, they appear close to 10◦.

The butterfly diagram of magnetic field strength of Schad
(2014), based on Hinode data, does not show that throughout
a cycle sunspots have a lower magnetic field strength at high
latitudes and gradually show higher field strength at lower lati-
tudes or vice versa. In other words, the rise of a flux tube through
the convection zone should not disperse sunspots to place weak
spots at higher latitudes and strong ones at lower latitudes. This
is in contrast to Norton & Gilman (2004), who found that darker
or brighter umbrae appear systematically at lower or higher lat-
itudes. More investigations are required to determine whether
there is a systematic relation between umbral parameters (in-
tensity, area, field strength) and their location on the solar disk.
Each of these parameters has its own cyclic variation, but so far,
no strong relation has been established between the latitude and
the other three.

5.6. Long-term variation of the umbral field strength
and intensity

We find an upper limit for a long-term trend that is overlaid
on the cyclic variation of the intensity and field strength of
sunspots. Figure 5 shows two Gaussian curves corresponding
to the distributions of the magnetic field strength in the last
two cycles. We used a Kolmogorov-Smirnov test (Press et al.
1992) to measure the distance of the sample of the magnetic
field strengths of sunspots against a given distribution to deter-
mine the best distribution for each cycle. The distribution of the
umbral field strength is well represented by a Gaussian (same
as, e.g., Livingston et al. 2012). The widths of our distributions
(Gaussian width =375 and 364 ± 20 G for cycles 23 and 24)
are close to the 320 G reported by Livingston et al. (2012). We
find that the distribution in cycle 24 is similar to cycle 23, but the
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curve was shifted toward lower values: the Gaussian distribution
of field strength peaks at 2.60± 0.02 kG in cycle 24 instead of at
2.68± 0.02 kG in cycle 23. These values are significantly differ-
ent from the 2.20 kG reported by Livingston et al. (2012, for the
2003−2007 time interval, see Fig. 5). In addition to Gaussians,
other functions were also used to study the distribution of the
umbral magnetic field strength (e.g., Schad 2014). The width
of the distribution hence depends on the assumed distribution
function.

We attribute the shift of 80 ± 20 G between the peak field
strength in cycles 23 and 24 (within 11± 1 years) to a long-
term trend. Therefore, the temporal gradient of a long-term
trend based on the distribution of field strengths is −80/11 ≈
−7 ± 4 G yr−1. The long-term gradient estimated in this way is
smaller than the value of −13 ± 4 G yr−1 reported using a lin-
ear fit to all data points in the sample, but it remains consistent
within the error bars. The estimated long-term trend using distri-
butions is also close to the linear fit to the average umbral field
strength (−6 ± 3 G yr−1). Since the average field strength is sta-
tistically more reliable than the maximum field strength and its
result is consistent with the estimation of the long-term trend us-
ing the distribution of the field strengths, we also estimated the
best-fit Gaussian for the distribution of the average field strength.
The average field strength distribution peaks at 2.32 and 2.28 kG
for cycles 23 and 24, respectively. The difference (44 ± 16 G)
is half of the field strengths measured based on the maximum
field strength (80 G). In summary, we find 6± 3 G yr−1 as the
long-term trend in the average umbral field strength, while the
temporal gradient in the maximum field strength is 7± 4 G yr−1.
An upper limit for the long-term trend in maximum field strength
is about 13± 4 G yr−1.

Since our sample is not complete, we cannot use the field
strength of individual sunspots to compare the highest value in
cycle 23 with the highest value in cycle 24. Such a comparison
is sensitive to the completeness of the sample. The distribution
of the magnetic field strength, however, is not sensitive to the
presence or absence of individual spots. We accordingly deem
it more reliable to compare the magnetic field distribution of
the two cycles to estimate a possible long-term trend. The lin-
ear fit to all data points (green lines in Fig. 2) provides a direct
comparison to the results reported by Livingston et al. (2012)
and Schad (2014). An upper limit for the gradient in the mag-
netic field strength in our data is at most about 13 ± 4 G yr−1,
which is four times lower than the rate of 46 G yr−1 reported by
Livingston et al. (2012). Our estimated long-term trend in the
field strength is not consistent with Schad (2014), who found no
long-term tendency in the field strength of 7530 sunspots ob-
served with Hinode.

The amplitude of the cyclic variation of the magnetic
field strength (−112 G yr−1 in the declining phase, +138 or
+108 G yr−1 in rising phase) is an order of magnitude larger
than the amplitude we estimate as an upper limit for the long-
term trend (−13 ± 4 G yr−1), in agreement with our finding in
Paper I. Livingston et al. (2012) attributed an annual decrease of
the sunspot field strength of 46 G yr−1 (1998−2002) to a long-
term trend and concluded that the Sun would cease to generate
sunspots in the next cycle. Penn & Livingston (2006) speculated
that if the temporal rate of −52 G yr−1 continues monotonically,
then the number of spots in cycle 24 will be half of that in cy-
cle 23 and there will be very few spots in cycle 25. Nagovitsyn
et al. (2012) studied the same data as Penn & Livingston (2006)
and found a cyclic variation in addition to a long-term trend.
Watson et al. (2011) studied cycle 23 using SOHO MDI data and
reported a long-term trend in the umbral field strength of about

−24 G yr−1. Watson et al. (2014) used data of MDI, HMI, and
Kitt Peak and found a rate of about −22 G yr−1 between 1996
and 2013, about twice higher than the rate we find.

5.7. Diversity of measurement techniques and results

Stray-light contamination. Livingston et al. (2012), Penn &
Livingston (2006), and other authors who used the McMath-
Pierce telescope on Kitt Peak used the intensity profile of the
umbra (at Fe i 1564.8 nm line) to measure the magnetic field
using the separation of the two σ-components. Position and
strength of theseσ-components can be modified by stray light. A
stray-light profile usually comes from a radius of ≈10′′ (Mattig
1971; Beck et al. 2011) and mostly contains contributions from
bright line profiles in the quiet Sun. This contamination not only
gives rise to inaccurate magnetic field strength measurements,
but also affects the evaluation of the umbral continuum intensity.
Unlike Stokes-I, the Stokes-V signal that we used in our analysis
is less sensitive to the (mainly unpolarized) stray light. Mathew
et al. (2007) performed a stray-light correction for MDI data,
while Kiess et al. (2014) argued that the amount of stray light is
negligible in the HMI data. Our ground-based observations were
not corrected for stray light for two main reasons. All of the
data were taken with real-time seeing correction by adaptive op-
tics, or at least with a tip-tilt correction for the VTT data taken
before 2004. That provided a spatial resolution of about 1′′ or
better for most of the data and should have reduced spatial stray
light or smearing to some extent. The second reason is that using
polarized Stokes profiles to measure the magnetic field strength
instead of intensity profiles is less sensitive to stray light because
the polarization signal is strongest in the umbra and weakest in
the quiet Sun surrounding a sunspot, exactly opposite to the case
for intensity.

Bright spots instead of dark spots. Livingston et al. (2012)
reported many sunspots with a minimum umbral intensity at
1.56μm of about one (their Fig. 2). If the minimum umbral in-
tensity equals that of the average quiet Sun, then the penum-
bra should be brighter than the granulation (assuming that the
penumbra is brighter than the umbra). Such bright spots have
not been observed at any other wavelength or instrument. We
would like to stress that between 2011 and 2013, all those bright
sunspots should have been recorded with the HMI at 617 nm
wavelength range. Since we are not aware of a single example of
a bright sunspot in HMI continuum maps, there must be some-
thing unaccounted for in their measurements. A possible expla-
nation is an unknown (but large) amount of stray light in their
data. One would need to identify all sunspots used by Livingston
et al. (2012, after 2010) in the HMI data and to measure their
umbral intensity and magnetic field strength, and compare these
results with other HMI data like those of Kiess et al. (2014).

Telluric blends. The intensity profile of Fe i 1564.8 nm line suf-
fers from strong telluric blends in its red wing. An example of
a contaminated intensity profile of this line was presented by
Mathew et al. (2003, their Fig. 2). As seen in this figure, the
high magnetic sensitivity of the Fe i 1564.8 nm line can be un-
usable due to strong contamination of the telluric blend, mak-
ing Stokes-I measurements imprecise. Since the telluric blends
change with solar elevation and weather conditions, it is difficult
to correct for them. Note that the telluric blends are of no con-
cern in an analysis of polarized light like our Stokes-V analysis.
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Molecular blends. Yet another source of contamination of
Stokes-I profiles in the umbra are (solar) molecular lines. Some
of these lines, such as the OH lines close to the Fe i 1565.2 nm
lines, also show strong polarization signals. They modify not
only the shape of the intensity profile, but also all Stokes profiles.
Dark umbral profiles either in visible or near-infrared wave-
lengths suffer to some extent from molecular blends, even in
well-known spectral lines like the one used on HMI (Wittmann
1972; Boyer et al. 1975). The famous Fe i 1564.8 nm line with
its high Zeeman sensitivity (geff λ) also suffers from several so-
lar molecular blends, as listed, for example, by Livingston et al.
(2006). Molecular blends always contaminate Stokes-I measure-
ments, but only some of them have a high effective Landé fac-
tor and contaminate the polarization signal. It is noteworthy that
none of the lines we have used in this study (Table 1) suffers
from a significant contamination by strong molecular blends in
the Stokes-V signal.

Limited wavelength sampling. Norton & Gilman (2004),
Mathew et al. (2007), Watson et al. (2011, 2014), and Kiess et al.
(2014) as well as several other authors used MDI or HMI, that
is, space-based two-dimensional spectropolarimeters. These in-
struments provided and still provide full Stokes measurement
of a visible spectral line sampled at five or six filter positions.
This restricts the measurements of the highest field strength val-
ues since for either MDI or HMI, the spectral lines saturates be-
low about 3000 G. For a magnetic field strength greater than this
value, only the distance of the two lobes increases, not their am-
plitude. This results in a partial coverage of the Stokes-V sig-
nal in these filter instruments, which complicates and may even
prevent a proper retrieval of the magnetic field complicated. A
limited wavelength sampling, however, does not affect measure-
ments of the umbral continuum intensity and area.

Two-dimensional maps vs. single-slit measurements. Anoth-
er possible reason for the discrepancies between different au-
thors is the spatial coincidence of the location of the strongest
field strength and the lowest continuum intensity. Livingston
et al. (2012), for instance, by default assumed that the location
of the maximum field strength is identical to the location of the
minimum intensity and consequently reported the field strength
at the location of the minimum intensity as the maximum field.
As shown by Harvey (1986), for instance, the location of the
strongest magnetic field strength is not necessarily the location
of the minimum intensity. In 20% of the sunspots used for this
study, the locations of the minimum intensity and maximum
field strength differ by more than 3′′. In these spots the magnetic
field strength at the location of minimum intensity is on average
190 G (7%) lower than the maximum field strength. This differ-
ence is larger than the total uncertainty estimated in Sect. 3.5,
demonstrating the importance of using two-dimensional maps
to estimate the minimum intensity and maximum field strength
independently.

6. Conclusion
The umbral continuum intensity shows a periodic variation with
the phase of the solar cycle: the intensity decreases from the be-
ginning of a cycle up to the maximum, but increases from the
maximum of a cycle toward its end. The cyclic variation in um-
bral properties dominates a possible long-term variation because
its amplitude is about an order of magnitude larger. The distri-
bution of the sunspot field strength in the present cycle does not
show a significant deviation from the distribution in cycle 23,

except for a small shift toward lower values. The Gaussian distri-
bution of the sunspot maximum field strength in cycle 24 peaks
at about 2600 G, some 80 G lower than in cycle 23. The rela-
tive shift in the average field strength is 44 G. If the weak long-
term trend that we observed between 1999 and 2014 persisted, it
would take more than a century for sunspots to vanish. Our data
in cycle 23 and the first five years of cycle 24 do not show any
signature that the next cycle will be qualitatively different from
the current cycle 24.
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