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ABSTRACT

Context. A recent paper by Shapiro and colleagues (2011, A&A, 529, A67) reconstructs spectral and total irradiance variations of
the Sun during the holocene.

Aims. In this note, we comment on why their methodology leads to large (0.5%) variations in the solar TSI on century-long time
scales, in stark contrast to other reconstructions which have $0.1% variations.

Methods. We examine the amplitude of the irradiance variations from the point of view of both solar and stellar data.

Results. Shapiro et al.’s large amplitudes arise from differences between the irradiances computed from models A and C of Fontenla
and colleagues, and from their explicit assumption that the radiances of the quiet Sun vary with the cosmic ray modulation potential.
We suggest that the upper photosphere, as given by model A, is too cool, and discuss relative contributions of local vs. global dynamos
to the magnetism and irradiance of the quiet Sun. We compare the slow (>22 yr) components of the irradiance reconstructions with
secular changes in stellar photometric data that span 20 years or less, and find that the Sun, if varying with such large amplitudes,
would still lie within the distribution of stellar photometric variations measured over a 10—20 year period. However, the stellar time
series are individually too short to see if the reconstructed variations will remain consistent with stellar variations when observed for
several decades more.

Conclusions. By adopting model A, Shapiro et al. have over-estimated quiet-Sun irradiance variations by about a factor of two, based
upon a re-analysis of sub-mm data from the James Clerk Maxwell telescope. But both estimates are within bounds set by current stellar
data. It is therefore vital to continue accurate photometry of solar-like stars for at least another decade, to reveal secular and cyclic
variations on multi-decadal time scales of direct interest to the Sun.

Key words. Sun: activity — Sun: surface magnetism — solar-terrestrial relations

1. Introduction

Precise solar irradiance measurements have been possible only
since 1978, and so the effect of solar irradiance variations on
Earth’s climate over the last few centuries is not quantifiable
by direct measurement (e.g. Gray et al. 2010). Instead, some
backward extrapolation or “reconstruction” of the solar irradi-
ance must be made. Such reconstructions, based (at least in part)
upon proxies and three decades of irradiance data, seemed to
have converged to a $1.5 Wm™2 peak to peak variation in total
solar irradiance (TSI) between the present day and the Maunder
Minimum period between 1645 and 1715 (Eddy 1976) in which
sunspots were rare.

However, the paper “A new approach to the long-term re-
construction of the solar irradiance leads to large historical solar
forcing” (Shapiro et al. 2011, henceforth “S2011”) concludes its
abstract with

“We derive a total and spectral solar irradiance that was
substantially lower during the Maunder minimum than

* The National Center for Atmospheric Research is sponsored by the
National Science Foundation.

Article published by EDP Sciences

the one observed today. The difference is remarkably
larger than other estimations published in the recent liter-
ature. The magnitude of the solar UV variability, which
indirectly affects the climate, is also found to exceed
previous estimates”.

S2011’s reported magnitude of the (TSI) changes on cen-
tennial timescales are 6 Wm™> (peak-peak), some 0.4% of
the ~1360 Wm™? total irradiance.

Recent climate models suggest that reconstructions of
Earth’s climate would be more compatible with smaller irradi-
ance variations (Feulner 2011; Schmidt et al. 2012), but ear-
lier work did indicate that solar influences may have been
underestimated (Stott et al. 2003). In this Note we examine
the TSI reconstructions of S2011 the light of relevant solar and
stellar data.

2. The reconstructions of S2011

The work of S2011 hinges on an assumption that solar variabil-
ity on centennial time scales has a component entirely due to
variations in the brightness (= radiance, specific intensity) of the
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quiet Sun. The physical idea is related to other work (e.g., Kuhn
& Libbrecht 1991), the new aspect is the implementation to com-
pute long term solar irradiance variations. Even during long pe-
riods of no sunspots and plages, such as during the Maunder
Minimum, the modeled irradiance is allowed to vary solely due
to assumed quiet Sun (QS) brightness changes!. In comparison,
other models assume this to be constant, in the absence of data
to the contrary.

Irradiance “reconstructions” rely directly or indirectly on
empirical relationships between “proxies” p(f) (e.g., sunspot
properties, cosmic ray indices) for which historical records are
available, and measured irradiances I(z). This unavoidable fact
is at the heart of all reconstructions, even those that build in in-
termediate physical models (e.g. Wang et al. 2005; Vieira et al.
2011). Noting that “a proxy for the long-term activity of the quiet
Sun does not yet exist”, S2011 hypothesized that centennial
time-scale QS brightness changes vary linearly with large-scale
variations associated with the heliospheric solar magnetic field.
The latter is recorded indirectly in cosmogenic isotope records
(e.g. Steinhilber et al. 2009). No data exist to test directly this
hypothesis, because irradiance measurements exist only for the
last 33 years, a period during which the Sun appears to have been
in an historically high state of magnetic activity (Usoskin et al.
2003). S2011 reasoned that the Sun might dip lower, magneti-
cally, than might be inferred from measurements from the last
33 years, and therefore the irradiance may also drop more than
previously thought. Such QS changes are not considered in the
related approach of Steinhilber et al. (2009), for example.

In essence S2011 decompose the solar irradiances I(¢)
(wavelength-dependent or wavelength-integrated), in the form:

I(t) = C+q(n) +a(), ey

where variations in /(f) are captured by three Fourier compo-
nents: C is the zero-frequency “solar constant” (~1360 Wm™2),
q(t) varies on time scales >22 yr, and a(#), on shorter time scales.
The term ¢g(7) is the new ingredient of S2011’s work, they adopt
the form

q(to) —m
p(to)—n

g —m _
pH)—n

= const. ()

The new proxy p(¢) is defined through on the large scale solar
magnetic fields as outlined below, and fy is a reference epoch,
the authors chose it to be 1996. The constant m is “the mini-
mum [irradiance] state of the Sun”. S2011 chose m to be the ir-
radiance computed using model “A” from Fontenla et al. (1999,
“F99”), and chose for p(#) the “modulation potential” ¢(#) of the
galactic cosmic rays, which quantifies the changes of the energy
spectrum of galactic cosmic rays as a result of solar modula-
tion (Usoskin et al. 2005). ¢(¢) is a composite of '°Be ice core
data and measurements from neutron monitors available since
the early 1950s (for details see S2010). 22-year averages of the
monthly neutron monitor data are used to define the averaged
modulation potential of the quiet Sun irradiance directly mea-
sured during the past few sunspot cycles. n is a free parameter.
The historical record for ¢(¢) includes zeros (for example near
the year 1460), meaning only that heliospheric magnetic fields
were such that ¢ was not detectably different from zero. Given
that physically ¢ > 0, it is reasonable to chose n = 0, as done
implicitly by S2011. A value of n < p(ty) (even < 0) changes the

! By “quiet Sun”, in this Note we refer to regions of the Sun seen away
from active regions. It does not refer to a (fictional) atmosphere free of
magnetic fields.
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regressions. To complete the model, S2011 adopt ¢(#y) equal to
the irradiance computed from model “C” of F99.

Through Eq. (2) the QS irradiance component of the recon-
struction is in essence fixed by an interpolation between cur-
rent irradiances and the assumed minimum irradiance, scaling
linearly with the modulation potential ¢(t).

3. Commentary

The most striking prediction of S2011 is that the Sun is capable
of making 6 Wm™? irradiance excursions on century time scales
compared with 1 Wm~=2 measured on decadal time scales. We
offer the following thoughts concerning this result.

3.1. Proxies and time scales

The amplitude ¢’(f) of >22 year variations, using p(f) = ¢(¢),
n=0,is

g0 = g(t)—m = % (qt0) - m). 3)

The long-term variations in the QS brightness are encapsulated
in time in the proxy factor, the amplitude of the variations are
set by this factor and the (fixed) difference in irradiances repre-

sented by ¢(#)) —m. Using Fig. 2 of S2011, we find, on >22 year
timescales:

I; = 1357 + 0.013¢;, 4)

with ¢(7) in MV.
Equation (3) differs from the relationships between ¢(¢)
and a(t). If we regress the 33 years of irradiance data (/;)

and proxy data (¢;) from neutron monitors, plotted in Fig. 1
of S2011, we find

I; = 1365.3 + 0.0013¢;, (5)

for this 33 year long epoch. With ¢(¢) varying from essentially
zero, as occurred near the year 1460 (it was nearer 200 MV dur-
ing the Maunder Minimum) to modern maxima near 1200 MV,
Eq. (5) gives an irradiance difference of just 0.6 Wm™2.

Clearly Eq. (3) yields a different amplitude than would be de-
rived from modern data alone (Eq. (5)): the long-term and short
term variations have different linear coefficients. This is in fact a
characteristic common to other “reconstructions” (e.g. Tapping
et al. 2007; Krivova et al. 2010; Vieira et al. 2011), in which
some physical models are used which generate such non-linear
behavior.

While the two explicit linear relationships computed
by S2011 may seem uncomfortable- one for variations
of 33 years and less, another for longer periods, it is not inconsis-
tent with the hypothesis that the Sun is presumed to behave dif-
ferently on these time scales. Perhaps a different but useful way
of viewing what S2011 have done can be expressed as follows:
they essentially add to the modern data an additional data point
with a high weight to a regression, forcing the long-timescale
regression to go through (g, p) = (m, 0).

3.2. Solar physics

Is there any evidence from the Sun itself that the main assump-
tion of S2011, namely that the quiet Sun’s radiance varies on
long >22 yr timescales? We look at the two alternatives.
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3.2.1. Quiet Sun magnetic fields: no relation to global
magnetic fields?

No data exist which can directly test this assumption. But are
there correlations of brightness variations of the quiet Sun on
timescales that are observable? This again would require instru-
mentation that does not exist since not just irradiance but ra-
diance measurements are needed with a precision better than
the 0.5% amplitude of S2011. Instead, one can look for varia-
tions in properties of the magnetic fields in regions of the quiet
Sun that appear to be far from the direct influence of active
regions. At least two observational analyses suggest that such
changes may not be present on time scales below 22 yr. Kleint
et al. (2010), based on both Hanle and Zeeman effects, conclude
that, over a 3 year period of observations

“weak fields were evenly distributed over the Sun
during this solar minimum. The turbulent field strength
was at least 4.7 + 0.2 G, and it did not vary during the
last two years. This result was complemented with ear-
lier, mainly unpublished measurements in the same re-
gion, which extend our set to nearly one decade. A sta-
tistical analysis of these all data suggests that there could
be a very small variation of the turbulent field strength
(30-limit) since the solar maximum in 2000”.

Lites (2011) has analyzed regions of quiet Sun using the Hinode
spectropolarimeter which uses the Zeeman effect to measure
very weak magnetic field properties (1o = 2.4 Mxcm™).
Quoting from his abstract:

“Examination of 45 Hinode data sets obtained in
2007 reveal only a very small correlation of the net po-
larity imbalance of the regions of the quiet Sun having
very weak flux, relative to the polarity imbalance aver-
aged over each data set. Further, there is no correlation of
the average net unsigned flux of those regions of weak-
est flux with the average unsigned flux of each region
studied. Positive correlations, especially of the net un-
signed flux, should exist if the internetwork fields were to
arise from dispersal of flux from active regions, so the ab-
sence of significant correlations supports the small-scale
dynamo scenario”.

Based on Ca II data, a proxy for network magnetic fields
(Skumanich et al. 1975), Livingston et al. (2010) find “the quiet
solar atmosphere is unaffected by solar activity at the levels of
our noise”, for 26 years of solar disk center data. These analyses
are important because they show no real evidence to support the
assumption that magnetic fields in very quiet regions of the Sun
must be related to the decay and dispersal of large-scale active
region fields. Instead, these studies point to the “local dynamo”
picture (e.g. Cattaneo & Hughes 2001) which draws energy from
the small scale granular motions and converts it to magnetic
energy. Physically, this dynamo operates independently of the
larger scale dynamo which generates sunspots. It must therefore
always be present, even through episodes such as the Maunder
Minimum with very low sunspot emergence numbers.

Outside of large active regions, the Sun also has identifiable
emerging flux regions which may contribute to “quiet Sun” irra-
diance variations, as defined here (Harvey 1992; Hagenaar 2001;
Hagenaar et al. 2003). These studies indicate that as well as on
granular scales, on intermediate scales the emerging flux seems
mostly unrelated, even anti-correlated, with sunspots. Again this
suggests a dynamo operating almost independently of sunspot
behavior.

3.2.2. Quiet Sun magnetic fields: influenced by global
magnetic fields?

The relationship between the large and small-scale magnetic
fields on the Sun are not yet understood. From first principles,
there is no physical reason that the magnetism of the quiet Sun
should be expected to be un-related to components of the large
scale solar magnetic field (as reflected in the modulation po-
tential record, for example): the governing MHD equations are
coupled and non-linear. But we do know that magnetic recon-
nection must play a major role in the evolution of the solar
magnetic field, and that this process is itself poorly understood.
Current numerical simulations do not have the range of scales
needed to capture the coupling between small and large scale
fields on the Sun. Smaller scale but detailed studies of surface
convection MHD simulations have been made, which highlight
the current state of understanding. For example, Steiner (2010)
concluded that

“It is still a matter of future research to find out
to which degree the internetwork magnetic field is due
to the turbulent surface dynamo, the remnants of pre-
existing magnetic flux of active regions, and the emer-
gence of magnetic flux from the deep convection zone,
or due to yet other, additional sources”.

Turning again to observations, we note that the Sun has been
in a relatively “high magnetic state” over the last few decades
as indicated by irradiance, magnetic and proxy data (Gray et al.
2010). If indeed the Sun has been historically magnetically ac-
tive through most of this period, then the work by Kleint et al.
and Lites would not yet have measured the lowest possible mag-
netic state of the quiet Sun. It seems important to continue such
measurements well into the future. In apparent contrast to the
work of Kleint et al. and Lites, recent statistical studies suggest a
closer connection between the large-scale and small-scale mag-
netic field (Stenflo & Kosovichev 2012; Stenflo 2012). The for-
mer authors analyzed the tilt-angle distribution of bipolar mag-
netic regions in 73 838 magnetograms of the MDI dataset and
found no observational support for a division between global and
local scales. Stenflo used Hinode SOT/SP deep mode data set in
combination with constraints from the Hanle effect technique to
argue that

“there is evidence that the very substantial amount of
magnetic energy that exists on small scales (below a few
km) is physically related to and fed from the magnetic
energy at large scales, which is generated by the global
dynamo”.

Foukal (2012) has pointed out that the reconstructions of S2011
can be pitted against the photographic record of observations of
the chromospheric network in Ca II K line data (Foukal et al.
2009) available since 1907. The small changes in network struc-
ture may not be consistent with the 4 Wm~2 change in irradiance
predicted by S2011 (Foukal & Milano 2001).

3.2.3. Minimum state of the quiet Sun’s photosphere

Equation (3), boils down to

q' @ = 50 (gc —qa), (6)

where we have simply identified ¢(#) and m with the irradiances
corresponding to models “C” and “A” of F99, as S2011 have
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adopted. Consider the term (gc — ga). The computed changes
in the reconstructed irradiances are ~0.5% in amplitude, which
must arise primarily from radiation emitted below the tempera-
ture minimum regions of the models, since above this height the
chromosphere and corona emits just 0.001% of the total solar ra-
diation (Anderson & Athay 1989). So we focus on properties at
and below the temperature minimum regions of models A and C
of F99.

The semi-empirical F99 and earlier models of Vernazza et al.
(1981) on which they are based, are derived from observations
at a variety of resolutions, not finer than 5 x 5”. F99 state that

“Our semiempirical models are constructed to re-
produce observed emergent intensities and profiles at
wavelengths from the UV to radio wavelengths. Thus,
we expect intensities computed from these models to
give reasonable absolute intensities and, hence, good
irradiance estimates”.

Because the irradiance variations are linearly proportional to
(gc — ga), we investigated the predictions of the F99 model in-
tensities against observations from the sub-mm region, whose
intensities reflect linearly the temperatures of various features of
the solar upper photosphere and temperature minimum region.
Lindsey et al. (1995) obtained and analyzed data from the James
Clerk Maxwell telescope (JCMT) at 350 microns which has
a PSF of ~6”, close to 5 x 5" pixels of the SKYLAB data upon
which the VAL models were based. This continuum emission
forms between 400 and 700 km above the photosphere (where
the 500 nm continuum optical depth is unity). Figure 1 shows
our re-analysis of the best data from Lindsey et al. (1995). The
chosen minimum state of S2011 corresponds to centering the en-
tire distribution of brightness 350u to the point marked “F99 A”
in the figure. These data are relevant in that the intensities in each
pixel are linearly proportional to the temperature of the emit-
ting plasma near 500 km. Given that total irradiance variations
are dominated by atmospheric changes between 0 and 500 km,
that the various F99 models are very similar at O km in the deep
photosphere, and the fact that the temperature is monotonically
decreasing with height (when averaged over surface magnetic
and granular features), this distribution spans the likely range of
temperatures found at each height in the photosphere of the Sun
in 1991, as seen at this resolution.

Now model “A” was originally built by VAL to match the
8th percentile in a distribution of Lyman continuum intensities
observed with similar resolution by SKYLAB. The F99 models
are updates including a large (230 K) upward shift in tempera-
ture of all models near the temperature minimum region (Maltby
et al. 1986). Direct comparisons of the JCMT and SKYLAB in-
tensity distributions are not possible, because the emergent in-
tensity of the Lyman continuum is exponentially sensitive to
the temperature, and is formed many scale heights higher in
the chromosphere than 350u radiation. Yet it is striking that
model F99 A produces intensities below which only 1.8% of the
pixels observed at 350u are found. (The VAL model A produces
intensities only at the 0.1% level).

We can get a sense in which a given point in the 350y in-
tensity distribution is going to be shifted in the intensity of the
Lyman continuum, in the context of these models, as follows.
Because temperatures at a given monochromatic optical depth
in the F99 models increase monotonically from darkest (A) to
brightest (F), at all temperatures within the chromospheres, the
Lyman continuum will be brighter when the 350 continuum is
brighter. It is then clear that a given point in the distribution of
infrared intensities will have its corresponding point at a much
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Fig. 1. Intensity data at 350y from the James Clerk Maxwell telescope
obtained by Lindsey et al. (1995). The upper figure shows, on a lin-
ear scale, part of the solar disk scanned by the JCMT on 1991 Feb. 9.
The middle panel shows the same data without limb brightened regions
and active regions, identified by eye. The lowest panel shows the dis-
tribution functions of relative intensities for both images (not counting
zeros), and the locations of the model brightnesses at this wavelength
(with model C set to unity), for both the F99 and VAL models. The
intensities are linearly proportional to the temperature between 450
and 550 km above the visible continuum of the Sun.

lower percentile in the UV continuum, owing to the exponential
weighting of the Wien limit of the Planck function. Lastly, while
the Lyman continuum is not formed in LTE, the systematic dif-
ferences between the models which are of a very similar form
imply that the source functions have at least the sense, if not
the magnitude, of changes in the Planck function. Indeed Figs. 7
and 22 of VAL show, for example, that model E is 3% brighter in
the Lyman continuum than model B, but the 350 continuum is
just 1.14x brighter.

We conclude that the model “A” temperatures of the upper
photosphere are too low relative to model “C”, if model A is
to represent more than a 1.8% of the number of occurrences in
the 350u intensity — hence temperature — distribution. A hint of
this problem is present already in the VAL paper, where in their
Fig. 22 brightness temperatures of the modeled intensities of A
and B fell some 400 K below those then measured using sub-
mm observations around 300 microns. Our analysis suggests that
model B (or a model in between the A and B) could be a better
choice for the minimum state of the least active Sun. The re-
placement of the model A by the model B would lead to approx-
imately 2 times smaller forcing than reported by Shapiro and
colleagues, as quoted by them.
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3.3. The variable Sun in a stellar context

Taking the variations computed by S2011 at face value, we can
place the Sun into the context of stars which have been observed
photometrically for some decades. But this is not straightforward
since no stars have been observed photometrically for centuries,
and we must relate the TSI variations to the particular photomet-
ric indices that have been acquired in stars (Radick et al. 1998;
Lockwood et al. 2007; Hall et al. 2009).

The long-term (>22 yr) variations computed by S2011, if
present in solar-like stars, would appear only as secular changes
in existing Sun-like stellar photometric records, because stel-
lar data of the required precision are available only for the last
10—-20 years. Therefore, unlike earlier work which has focussed
on the statistical variances of stellar and solar fluxes, we adopt
the following strategy to compare the solar and stellar data. First
we compute annual b and y colors of the Sun from 1610 on-
wards, using the spectral irradiances computed by S2011 and
the b, y filter profiles (they are centered at 470 and 550 nm re-
spectively). Then we treat the 400 years of simulated solar data
as an ensemble of stars each observed for 15 years, by dividing
up the time series of b and y magnitudes into 53 individual “stel-
lar” time series of 15 years duration, the first begining in 1610,
the next 7.5 years later, etc. (This is an even, unbiased sampling).
To this we add random noise with an amplitude of 0.12% which
corresponds to the typical measurement errors associated with
photometry using the Automated Photoelectric Telescopes, in-
cluding the effects of slightly variable comparison stars. We also
added in quadrature the 0.03% rms short term [<22 yr] rota-
tional/cyclic solar variability, but this is a small contributor. We
then looked for secular changes in each of these 53 sun-observed
as a star datasets by linear regression, yielding the fractional

change in flux per year (%)15, f = 10f1/{f), as derived from

a 15 year time series. This was repreated for 100 different ran-
dom realizations of the noise. Histograms of (%)]5 were then
plotted for comparison with stellar data whose individual values
of (%)15 were derived from the APT data. The peak of the so-

lar data, without the added noise for comparison with stars, lies

near (%)]5 = 5% 1072 yr~!. This is consistent with the irradiance

changes of 1 W m~2 per decade noted between 1900 and 1950 in
their reconstruction by S2011.

The stellar data come from 34 solar analogs (average spec-
tral type G4V) observed by Automated Photometric Telescopes
at Fairborn Observatory an average of 13 years (cf. Henry
1999) Their chromospheric emission ratios, as measured by the
usual log R}, are within 0.15 dex of the solar value —4.94. Stars
included here are ones with non-zero net intrinsic variance after
correction for comparison star variability (cf. Lockwood et al.
2007, Eq. on p. 290); about 30% of a larger sample fails this test.

The inclusion of a particular star in this histogram is in-
fluenced by the underlying comparison star variability, since
all measurements are necessarily differential, one measures the
brightness of the program star minus the mean of two compari-
son stars. The “cumulative probability of detection” plotted was
determined from the distribution of comparison star variations
in the sample, it varies from 25% at —4.3 on the abscissa to 75%
at —4.0 on the abscissa. The stellar histogram is thus highly bi-
ased toward higher values of intrinsic variability and serves only
to define a robust upper limit of expected solar variability.

Figure 2 shows that the reconstructed irradiance variations
of S2011, as reflected in b + y photometry, lie tantalisingly close
to, and below, those measured over the typical 15 year time
span of existing measurements with APTs, in solar-like stars.

o

8 T T T T T
i b+y secular changes
Shapiro et al.+noise
APT stellar sample

1

PR PR ER R B 1
(@} (@} (@}
IS o o

1
L
P
o
N

Number of occurrences
N
T
Cumulative probability of detection

l

-3.5

e

-6.0 -55 -50 —45 -40
df /dt,g yr™

o
o

Fig. 2. A histogram of stellar secular behavior as measured by the frac-
tional rate of change of b + y photometric flux with time, (%)15, for a
sample of 34 stars observed with Automated Photoelectric Telescopes.
The subscript “15” means that % was derived from a time series
of 15 years duration. Also shown are commensurate histograms from
the time series of the reconstruction of Shapiro and colleagues, com-
puted as described in the text. The sloped line near x = —4.2 shows the
probability that the given value of (%)15 will be detected in the stel-
lar sample, evaluated using the statistical properties of the photometric
standard stars used.

The limiting factor in this plot is the variations in the bright-
ness of the comparison stars used for comparative photometry.
Thus, the variations computed by S2011 cannot be tested against
current data.

We should note that it is not so much the shape of this
distribution that provides the critical test. The high-end rail of
these distributions is a more critical parameter. For, just a few
epochs of very large (%)15 values in the irradiance reconstruc-
tions of S2011 are sufficient to make the large irradiance changes
over centennial time scales. In this regard, we note that contin-
ued monitoring of stellar data in Fig. 2 is critical to answer if
the solar behavior predicted by S2011 is anomalous. For, if the
stellar data captured so far include some changes due to cycling
activity, as expected, these stars will move to the left in time in
the figure as the cycles make (%)15 approach zero. If on the other
hand, noise and secular changes are indeed dominating this dis-
tribution, the histogram will remain more or less the same shape.
However, the locus of. probabilities of detection plotted in the
figure may also move left approximately as r~!/> where ¢ is the
length of timeseries. Therefore, continued observations of stars
will reveal if the computed Sun’s behavior is outside of the range
of stellar behavior.

4. Conclusions

The results of S2011 are based upon a hypothesis — that the
quiet solar radiance varies in time in proportion to the mod-
ulation potential, related to the global solar magnetic field —
that currently is not directly testable by existing data. We have
shown how the formulation adopted by S2011 means that re-
gressions of irradiances from 1978 onwards with the modula-
tion potential derived from neutron monitors, are different from
the longer term assumed behavior (compare Egs. (4) and (5)).
This aspect of the work is shared by other reconstructions (e.g.,
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Tapping et al. 2007; Krivova et al. 2010; Vieira et al. 2011). As
formulated, S2011 reconstructed long term variations that are
larger in part because of this difference. As S2011 specified, this
algebra reflects the desire to use ¢(7) as a long term proxy for
solar activity under conditions like the Maunder Minimum, be-
cause since 1978 the minimum value of ¢(¢) is around 200 MV,
whereas in earlier epochs it went effectively to zero.

The data presented here suggest that the reconstructed am-
plitudes of variation of the solar irradiance have been over-
estimated by S2011. First, the amplitude of Shapiro et al.’s re-
constructed variations is set by differences in the brightness
of semi-empirical model photospheres “A” and “C” of F99.
We have argued that the model “A” computed brightness is at
the very minimum temperatures inferred from sub-mm data,
formed in the temperature minimum region of the atmosphere.
On the basis of the histograms of relative brightness, we sug-
gest that the difference due to this factor alone should be closer
to the difference in brightness between models “B” and “C”.
In the Rayleigh-Jeans limit, the resulting amplitude is then re-
duced by a factor of about two, as reported in S2011. Second,
there remains an unresolved debate concerning an observational
link between magnetic fields on small and global scales (see
Sects. 3.2.1 and 3.2.2). If the debate is resolved in favor of local
control of small scale fields, then it will remain present in the ab-
sence of sunspots, and vary little on 22 yr and longer time scales
(Judge & Saar 2007).

We have also demonstrated (Fig. 2) that the reconstructed
solar time series appears to show secular changes within and
below the ranges observed in b, y photometry of solar-like stars.
However care is needed in interpreting this result, for at least
two reasons. First, when looking for long-term (>22 yr, say)
variations among the stars, there is no substitute for a time series
of the duration needed. Thus, to see if the kinds of large secular
changes reconstructed by S2011 over some 30—-50 year periods
(centered near the 1720, 1800, 1920 epochs) actually occur in
stars, one must observe the stars for 30—50 years. Unfortunately
we have data only for 15 years or so, and equally unfortunately,
decadal time scales correspond to the typical variations associ-
ated with stellar spot cycles (Baliunas et al. 1995). A reasonable
interpretation of our result is that we cannot yet discount such
large secular solar variations on the basis of a comparison with
stars, using the existing photometric data. It appears necessary
to continue to observe this stellar sample for a couple more

decades, to see if the histogram of, say (%)35 lies significantly

to the left of that for (%)]5, if, as might be expected, certain
stars do not continue with their secular trends on this time scale.
Second, we warn the reader that the spectral irradiance of the
Sun as a star is not yet understood: the SIM measurements
(Harder et al. 2009) suggest that b will vary little and that y will
be out of phase with the irradiance. This is not compatible with
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measured photometric behavior of the solar twin 18 Sco (Radick
and Lockwood, papers presented at the 2011 SORCE meeting).
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