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ABSTRACT

Context. Total solar irradiance changes by about 0.1% between solar activity maximum and minimum. Accurate measurements of
this quantity are only available since 1978 and do not provide information on longer-term secular trends.
Aims. In order to reliably evaluate the Sun’s role in recent global climate change, longer time series are, however, needed. They can

only be assessed with the help of suitable models.

Methods. The total solar irradiance is reconstructed from the end of the Maunder minimum to the present based on variations of the
surface distribution of the solar magnetic field. The latter is calculated from the historical record of the sunspot number using a simple

but consistent physical model.

Results. Our model successfully reproduces three independent data sets: total solar irradiance measurements available since 1978,
total photospheric magnetic flux since 1974 and the open magnetic flux since 1868 empirically reconstructed using the geomagnetic
aa-index. The model predicts an increase in the solar total irradiance since the Maunder minimum of 1.3732 Wm™2.
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1. Introduction

Variations in solar total (i.e. integrated over all wavelengths)
and spectral irradiance have been measured by a number of
partly overlapping space experiments since 1978 (e.g., Willson
& Hudson 1988, 1991; Brueckner et al. 1993; Woods et al.
1996; Floyd et al. 2003; Frohlich 2003, and references therein).
There is strong interest in this quantity due to its potential in-
fluence on global climate. Many investigations have considered
whether and how the observed variations in solar irradiance in-
fluence the Earth’s climate (e.g., Haigh 1996, 1999; Kodera &
Kuroda 2002; Coughlin & Tung 2004; Arnold 2005; Kuroda
& Kodera 2005; Egorova et al. 2005; Langematz et al. 2005;
Sinnhuber et al. 2005; Dameris et al. 2006). Variations of solar
irradiance on longer time scales, which have not been directly
measured, are possibly of even greater importance for the global
climate change (e.g., Eddy 1976; Reid 1987; Bond et al. 2001;
Haigh 2001; Shindell 2001; Rind 2002; Stott et al. 2003), since
the coupled system of the Earth’s atmosphere and oceans reacts
rather slowly to the varying solar signal. Hence understanding
the mechanisms of solar impact on the Earth’s environment is
plagued by the inadequate length of the directly measured time
series of solar irradiance. Only a reconstruction of solar irradi-
ance for the pre-satellite period with the help of models can aid
in gaining further insight into the nature of this influence.

A number of long-term (up to 300—400 years) reconstruc-
tions, both purely empirical and more physics-based, have been
produced in the last two decades (for more details and references
see the overviews by, e.g., Solanki & Krivova 2004; Lockwood
2005). Such reconstructions are usually split into two parts:
reconstruction of a cyclic component and a secular variation.
The reconstruction of the cyclic component is relatively
straightforward from various historical proxy records of solar
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magnetic activity, such as the (Group and Zurich) sunspot num-
ber, sunspot areas, white-light facular areas, Call plage areas,
etc. (e.g., Foukal & Lean 1990; Hoyt & Schatten 1993; Lean
et al. 1995, 2001; Solanki & Fligge 1998, 1999; Fligge &
Solanki 2000; Preminger & Walton 2005).

The magnitude of the secular change in the irradiance is far
more speculative. Evidence for such a long-term trend was ini-
tially provided by stellar data. Baliunas & Jastrow (1990) found
that the distribution of Call H and K emission in field stars fell
into two groups. They argued that stars with the lowest Call
brightness do not show any cyclic modulations and are thus in
a state similar to the Maunder minimum. On the other hand, the
Sun’s Call level at recent activity minima remained markedly
higher than that of most other late-type stars in the Baliunas &
Jastrow sample (White et al. 1992). This could mean that the
Sun during the Maunder minimum was much more quiet than
during current minima, e.g. due to disappearance of the net-
work. Assuming that the relationship between solar Ca Il bright-
ness and irradiance did not change, estimates of the irradiance
increase since that time encompassed the range between 2 and
16 Wm™2 (Lean et al. 1992; Zhang et al. 1994; Mendoza 1997).

The stellar evidence is indirect and based on a number of as-
sumptions. For example, extrapolation of the relation between
Call flux and the irradiance measured for recent cycles to lower
levels of activity is based on the assumption that this relation-
ship is the same for the quiet Sun and active regions (which
differ, e.g., in the absence and presence of sunspots). Also, re-
cent measurements of carefully selected samples of stars sug-
gest that many of the “Maunder minimum” stars in the Baliunas
& Jastrow sample had, in fact, evolved from the main sequence
(Wright 2004). In addition, stars in a Maunder minimum-like
state do not always exhibit Call emission brightness below that
of solar minimum (Hall & Lockwood 2004).
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The problems faced by the stellar approach have recently led
to the development of alternative methods. Thus, assuming that
faculae are located near sunspots, Foster (2004), cf. Lockwood
(2005), recontsructed the butterfly diagram for faculae using the
historical record of sunspot areas and positions. He then em-
ployed averaged functions for the centre-to-limb variations of
the facular contrasts derived by Ortiz et al. (2002), in order
to model facular brightening. Analysing the distribution of the
magnetic field in the recent period and assuming that the Sun
was magnetically quiet during the Maunder minimum Foster
(2004) set an upper limit of ~1.7Wm™2 on the secular varia-
tion since that time. This limit increases to approx 2.1 Wm™? if
the weak magnetic flux escaping registration in the Michelson
Doppler Imager (MDI) magnetograms due to insufficient spa-
tial resolution (Krivova & Solanki 2004) is taken into account.
Additional uncertainty in this model is introduced by the fact
that the contrasts derived at a single wavelength are used instead
of more realistic facular models.

A yet lower value of about 1 Wm™2 for the increase in the
cycle-averaged total solar irradiance (TSI) since the beginning
of the 18th century was published by Wang et al. (2005), who
used a flux transport model to simulate the evolution of the solar
magnetic flux and then the TSI. Solanki et al. (2000, 2002) pre-
sented a simple physical model that allows a reconstruction of
the solar total and open magnetic flux from the sunspot number
and provides an explanation for the origin of the secular variation
displayed by the open flux. Here we use this model to reconstruct
the solar total irradiance variations back to 1700 using the Zurich
sunspot number and to 1610 using the Group sunspot number. In
our approach we follow the successful irradiance modelling by,
e.g., Wenzler et al. (2006) as closely as possible and extend it to
longer times. We also constrain our reconstructions by requiring
them to reproduce the available time series of total solar irradi-
ance as well as total and open magnetic flux. We describe our
approach in Sect. 2, present and discuss the results in Sect. 3 and
sum up our conclusions in Sect. 4.

2. Approach

Our model describes irradiance changes on time scales of days to
centuries that are due to the evolution of the solar surface mag-
netic flux. Models based on this assumption explain about 90%
of all irradiance changes observed on time scales of a day to
decades (Krivova et al. 2003; Wenzler et al. 2004, 2005, 2006).
Of course, we cannot rule out that other effects also influence
irradiance on longer time scales (e.g., changes in convection or
thermal shadows from subsurface flux, e.g., Parker 1987, 1995),
but since there is no observational evidence for that, we here ig-
nore all other possible influences.

The success of the model by Krivova et al. (2003) and
Wenzler et al. (2005, 2006) implies that if the evolution of
the magnetic flux is known for each photospheric component
(sunspots, faculae and the network), then it is also possible to
calculate irradiance variations. Unfortunately, measurements of
the magnetic flux are not available prior to the second half of the
20th century, so that it has to be computed based on some proxy.
A model that allows a reconstruction of the solar magnetic flux
from the sunspot number has been worked out by Solanki et al.
(2002). We outline the idea of this model in Sect. 2.1, describe
how we use it for the irradiance reconstructions in Sect. 2.2 and
review the model parameters and the available observational data
that need to be reproduced by the model in Sect. 2.3.
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2.1. Photospheric magnetic flux

For simplicity, we divide the continuous spectrum of sizes
of magnetic structures on the solar surface into active and
ephemeral regions. Active regions (AR) are larger bipolar struc-
tures emerging in the activity belts at latitudes below approx-
imately +30° and living up to several weeks. They generally
contain one or more sunspots. The flux emergence rate in ac-
tive regions can be estimated from the historical record of the
sunspot number.

Ephemeral regions (ER) emerge at all latitudes in the form of
smaller, short-lived bipoles. They do not contain sunspots. Due
to their high emergence rate (Harvey 1993; Hagenaar 2001) their
contribution to the total photospheric magnetic flux is signifi-
cant. ER evolve over a cycle which is extended with respect to
the sunspot cycle (e.g., Harvey 1992, 1994a). In order to de-
scribe their evolution in time, we assume that the length and the
amplitude of the ER cycle are related to the properties of the cor-
responding sunspot cycle, i.e. we assume that they are produced
by the main dynamo, just like the active regions.

Most of the emerged photospheric flux forms closed loops
until it decays due to cancellation with flux of opposite polarity.
A small part of it is, however, dragged outward by the coronal
gas and reaches far into the heliosphere. This is called the open
magnetic flux. Both active and ephemeral regions contribute to
the open flux, which can survive on the solar surface for several
years, since it is located in often large regions with a dominant
magnetic polarity (e.g., at the poles).

A set of three coupled ordinary differential equations has
been shown to describe the evolution of the three flux compo-
nents (Solanki et al. 2002):

d
Wt _ Eact(l) = Gt _ @ 1)
dr Tact Tta
d¢eph ¢eph ¢eph
= 1) — — S 2
ar Seph( ) Teph Te ( )
d¢open _ @ " @ _ ¢0pen. (3)

dr Tta Tte Topen

Here ¢act, deph and dopen refer to the magnetic flux of AR, ER
and open components, respectively, and their sum represents the
total photospheric magnetic flux, ¢o:

ot = Pact + ¢eph + ¢openo 4)

The main ingredients entering the model are the flux emergence
rates, £uce and &epn, of AR and ER, respectively, the decay time
scales for the three flux components, Tact, Teph, Topen, and the time
scales for flux transfer from active and ephemeral regions to the
open flux, 7y, and 7, respectively. Equations (1)—(3) are solved
following Solanki et al. (2002).

The flux emergence rate in active regions, &, iS chosen
to vary with time, #, linearly with the sunspot number, R, and
is scaled according to the observations of Schrijver & Harvey
(1994) for cycle 21:

R(?)
Rmax,Zl ’ (5)
with &setmax21 = 2.3 X 102 Mx yr~! and Rypax o1 = 150.

Following Harvey (1993) we prescribe that ¢, (7) also varies
cyclically, with the amplitude and the length of this cycle being
related to the properties of the corresponding AR cycle:

Eact(t) = €act,max,21

2
geph,i(t) = X&act,max,i SIN @), (6)



N. A. Krivova et al.: Reconstruction of solar irradiance since 1700

with

F=@—1t;+1y)

2T + 7 @
Here 7; = 1,11 —t; is the length of the ith sunspot cycle (#; and f;4
refer to the times of the adjacent sunspot minima) and 7; + 27,
is the length of the corresponding ER cycle, which is, in line
with observations (Harvey 1993), stretched by the interval 7, in
each direction with respect to the sunspot cycle. The value of 7,
depends on the length of the sunspot cycle: 7, = 7; — ¢, with ¢,
lying in the range 5-9 years.

The time-independent amplitude factor X in Eq. (6) can be
estimated in the following manner:

Eeph,max €eph,min

X = (8)

Eeph,min €act,max

Here &ephmin = 1.8 X 1026 Mx yr‘1 (Hagenaar 2001), gactmax =
2.3 x 10**Mxyr~! (Schrijver & Harvey 1994), and values of
Eeph,max/Eephmin found in the literature lie in the range 1-2
(Harvey 1993, 1994b; Hagenaar et al. 2003). These values re-
sult in X =~ 80-160.

The decay time of the AR flux can be assessed by assuming
a balance between flux emergence and decay: Ty = Puct/Eact-
Employing the values ¢ max = 6 X 10% Mx and &, max = 2.3 X
10%* Mx yr~! for the maximum of cycle 21, which is the best
estimate obtained from the plots in Harvey (1994b); Schrijver &
Harvey (1994), we arrive at an estimate of T,¢; = 0.25 yr. For the
decay time of the ER flux we take the value of 7epn = 14h as
found by Hagenaar (2001).

The transfer times from AR and ER flux to the open flux, 7,
and 7, are considerably longer (210 yr) than the corresponding
decay times and are not expected to influence the evolution of
¢act and @epp significantly. We varied 1y, within the range 10 to
14 years, and take 7, = 67y, according to Harvey (1994b). These
parameters only affect the open flux together with the decay time
of the open flux, Topen, lying in the range 2—6 years.

2.2. Solar irradiance

Our approach to the irradiance reconstruction is similar in con-
cept to that of the SATIRE models (Spectral And Total Iradiance
REconstructions; see Solanki et al. 2005; Krivova & Solanki
2005) used to calculate solar irradiance on time scales of days to
the solar cycle (Krivova et al. 2003; Wenzler et al. 2004, 2005,
2006). We divide the solar photosphere into 5 components: quiet
Sun (index q from here on), sunspot umbrae (u) and penum-
brae (p), faculae (f) and the network (n). The time-independent
brightness of each component Fg (1), where A is the wave-
length, is calculated using the ATLAS9 code of Kurucz from
plane-parallel model atmospheres (for details, see Unruh et al.
1999). Note that we use the same model for faculae and the net-
work: Fy = F,. The variation of the solar irradiance with time is
described by the corresponding filling factors, aqup,f,a(f), which
define the fraction of the solar surface covered by each com-
ponent at a given time. Since magnetograms, from which the «
values have in the past mainly been determined, are not avail-
able for most of the time since the Maunder minimum, we need
to consider other sources for a.

Evaluation of filling factors for sunspots is straightforward.
In the period since 1874 the sunspot areas were directly
recorded at a number of observatories. The longest and
most complete time series is that of the Royal Greenwich
Observatory (1874-1976), which is used as a basis for our
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Fig. 1. Dependence of the saturation flux, ¢, on the noise level of the
employed magnetograms. Values of ¢, obtained with the original 1-
minute magnetograms and their 5-, 20- and 59-min averages (having
the 1o noise level of approximately 20 G, 8.9 G, 4.5 G and 2.6 G,
respectively) are marked by diamonds. The lines show three different
fits to these points and their extrapolation to the zero noise level: a linear
fit (dot-dashed line) based on 2 points with the lowest noise (o0 = 2.6 G
and 4.5 G) gives an estimate of ¢, (0) = 467 G for o = 0 G, whereas
quadratic (dotted) and cubic (dashed) fits to all points yield ¢, (0) =
451 G and 490 G, respectively.

compillation. For the period 1977-1985, we use the data
obtained in the former USSR and for the most recent period
(since 1986) those compiled by the USAF (US Air Force)
network including the data from Mt. Wilson Observatory.
The remaining gaps are filled in with the data from Rome,
Yunnan and Catania observatories. Since records by different
stations show systematic differences, they have been carefully
analysed and cross-calibrated (see Balmaceda et al. 2005,
for further details). Before 1874 sunspot area measurements
are not available, but can easily be extrapolated through a
correlation analysis with the sunspot number. We alternately
use the Zurich sunspot number, Ry (Waldmeier 1961), and
the Group sunspot number, Rg (Hoyt & Schatten 1993),
provided by the National Geophysical Data Center (NGDC,
http:// www.ngdc.noaa.gov/stp/SOLAR/solar.html).
Only yearly values of Rz are available for 1700-1818, monthly
records are accessible for 1819-1848, whereas daily numbers
have been stored since 1849. We use a fixed ratio between
umbral and penumbral areas, @, /(@ + ap) = 0.2 as obtained by
Wenzler (2005) for recent cycles and in agreement with other
estimates reported in the literature (for an overview see Solanki
2003).

The filling factors of other photospheric components are ob-
tained from the magnetic flux calculated as outlined in Sect. 2.1.
The sum of the ER and open fluxes describes the evolution of
the network: ¢, = @epn + Popen, Whereas @, represents the varia-
tion of the magnetic flux in sunspots and faculae. The magnetic
flux in sunspots (the sum of the umbral, ¢, and penumbral, ¢,
components) can be calculated from the sunspot areas:

du + ¢p = ay(Bou) + ap<Bz,p>» 9)

where the area-averaged vertical components of the magnetic
flux strength in umbrae, (B.,), and penumbrae, (B ), are about
1800 G and 550 G, respectively, according to the measurements
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Table 1. Key features of the models providing best fits to the 3 considered data sets. (1) Main parameters (i.e. those that are also varied in the
standard model). These include ¢, = 7; — 7, (where 7; is the length of the AR cycle and 7; + 27, is the length of the corresponding ER cycle), the
amplitude factor X (see Eqgs. (6) and (8)), the flux transfer time from AR to the open flux, 7, and the decay time for the open flux, Topen. In models
“antiphase (2)” and “const. @cpy (2)”, an optional parameter is the saturation flux in faculae, ¢, ¢, which is otherwise fixed to 300 G. Also listed

are (2) the corresponding values of the variance (i.e. y*> normalised by the number of points) for the TSI, O'%SI, total magnetic flux, U%MF and the

2 2

open flux, o7, their mean, 0% = (02 + Oy + T open

)/3, the correlation coefficient, R, 151, between the modelled and measured TSI and (3) the

estimated increase in the TSI since 1700. In the last row, ranges within which all parameters have been varied are listed.

M 2 3)
Parameters Fit quality Predicted

Model Sect. | ¢, X Tias Topens Osats (T%SI (T%MF Jgpm o? R.1s1 | Al Wm2

yr yr yr G since 1700
standard Rz 3.1 7.6 117 135 3.5 300* 0.048 0.0062 0.041 0.032 0.78 ~1.3
antiphase* (1) 3.2 5.0 80 10.0 2.6 300* 0.113 0.0071 0.041 0.054 0.64
antiphase* (2) 3.2 7.4 80 13.9 3.9 168 0.055 0.0086 0.036 0.033 0.77 ~1.5
const. ¢epn (1) 3.3 - —# 10.0 2.5 300* 0.116 0.0072 0.038 0.054 0.63
const. gepn (2) 3.3 # - 13.5 3.6 182 0.049 0.0074 0.035 0.031 0.77 ~0.9
standard Rg 34 7.6 117 13.5 3.5 300* 0.049 0.0062 0.035 0.030 0.75 ~1.3
ranges 2 5-9 80-160 10-14 2-6 150400

* this parameter has been deduced independently of the current modelling and its value was not varied in order to fit the data.

* in the antiphase model, the shift between the emergence rate of AR and ER was varied between 2 and 8 years (ER preceding AR), so that it
becomes an additional free parameter. For the best-fit models presented here, the shift is 5 years.

# in the const. @y, model, ¢, and X are replaced by one free parameter: ¢epn = 3.0 10> Wb for model (1) and ¢epn = 2.8 x 10! Wb for model (2).

of Keppens & Martinez Pillet (1996). Subtraction of ¢, and ¢,
from ¢, gives the evolution of the facular magnetic flux, ¢s.

Next, we convert the network, ¢,, and facular, ¢¢, magnetic
fluxes into corresponding filling factors, @, and «s. For this, we
use the same conversion scheme as in previous applications of
the SATIRE models (Krivova et al. 2003; Wenzler et al. 2004,
2005, 2006): a, and a; are proportional to ¢, and ¢, respec-
tively, until a saturation limit ¢, is reached where @ = 1 (see
previous papers for more details). Above ¢, they remain con-
stant. ¢, is a free parameter of the SATIRE models, which de-
pends on the resolution and the noise level of the employed mag-
netic field maps. The smaller the fraction of the true magnetic
flux visible in the magnetograms, the smaller the ¢, needs to be.

In order to reproduce solar irradiance variations in cycle 23
on the basis of MDI magnetograms, Krivova et al. (2003) found
¢sar = 280 G (no distinction was made between faculae and the
network). For a reconstruction of solar irradiance in cycles 21—
23 based on National Solar Observatory Kitt Peak (NSO KP)
data, Wenzler et al. (2005, 2006) found ¢s, = 310-320 G to
be more adequate. The larger ¢, is consistent with the fact that
KP magnetograms have a lower noise level than those from the
MDI. Since magnetic field strengths in faculae are higher than
the noise level of either of these 2 sets of images, we do not
expect a considerable difference in the ¢, ¢ value and used the
value of 300 G as our primary estimate. In some extreme cases
(see Sects. 3.2 and 3.3), however, we allowed ¢, s to vary.

Faculae mainly appear in the so-called activity belts (i.e.
at latitutes between approximately +(5-15) and +(40-45) de-
grees), and their distribution therefore peaks at y-values above
0.9 (see, e.g., Fig. 11b in Wenzler et al. 2006). However, facu-
lae become fainter when they cross the disc centre (e.g., Ortiz
et al. 2002). By assuming a homogeneous distribution of faculae
over the solar surface, we overestimate their contribution to the
brightening of the Sun, since the ratio of low-u to large-u area
is smaller for activity belts than for the whole disc. We take this
into account by weighting facular contributions, with weights
proportional to the fraction of the solar disc occupied by each
u-bin within activity belts and 0 outside of these.

The weakest network elements are lost within the noise level
and, since they are often present as mixed polarity features, they
are also lost due to apparent cancellation of polarities caused by
insufficient spatial resolution of the MDI or KP magnetograms
(Krivova & Solanki 2004). Consequently, in case of noise-free
high resolution data, their saturation flux could lie significantly
higher than 300 G deduced from MDI and KP magnetograms.
In order to estimate ¢g,, for such ideal “noise-free” data, we
utilised MDI magnetograms with different noise levels to re-
contsruct solar irradiance on 70 days between the minimum of
cycle 23 in 1996 and its maximum in 2000 following Krivova
et al. (2003). For this, we consecutively averaged MDI magne-
tograms over 5, 20 or 59 min (which reduced the 10 noise level
down to approximately 8.9 G, 4.5 G and 2.6 G, respectively)
and employed these together with the original 1-min data (hav-
ing the 1o noise level of about 20 G) for the reconstruction. In
each case, the value of ¢g, was found from a comparison with
the irradiance variations measured by the VIRGO instrument on
SoHO (Frohlich & Finsterle 2001). The dependence of the ¢y
on the noise level of the employed magnetograms is shown in
Fig. 1. An extrapolation to the 0-noise level (see Fig. 1) suggests
a value of ¢g,, of around 500 G, which we use in this work.

The magnetic fluxes reconstruted with the model described
in Sect. 2.1 are integrals over the solar disc. Thus the filling fac-
tors obtained using ¢y and ¢, are averages over the solar disc:

<¢f,n>’ 1]’ (10)

(arp) = max[
sat

where (¢¢ ) refer to the magnetic fluxes from faculae or the net-
work averaged over the solar disc. These filling factors can be
somewhat higher than the disc-averaged filling factors obtained

with spatially resolved data as used by Krivova et al. (2003) and
Wenzler et al. (2004, 2005, 2006), which are

1 .
(@i =< > ol (1n

i=0,N
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Fig. 2. a) Measured (symbols) and modelled (standard model; solid
line) total magnetic flux between 1974 and 2002. Each data point is
an integral over a synoptic chart for one Carrington rotation. Different
symbols are used for different data sets: filled circles represent the WSO
data, open triangles the KP NSO data and open squares the MWO mea-
surements (cf. Arge et al. 2002; Wenzler et al. 2006). For the modelled
flux the value @y + 0.4¢epn + Popen 1S given (see Sect. 2.3). b) and ¢)
Reconstructed magnetic flux in AR (grey solid curve), ER (dotted), as
well as the open (dot-dashed) and total (black solid) flux since 1974 and
1700, respectively.

Here aé , 1s the filling factor for each individual pixel of the em-
ployed magnetogram:

= max[ﬁ,l}, (12)

sat
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Fig. 3. Evolution of the open flux since 1700: calculated with the stan-
dard model (solid curve) and reconstructed by Lockwood et al. (1999)
from the geomagnetic aa-index (dashed).

with q); , being the magnetic flux for the same pixel. Note that
(¢r.n), being an average over the disc, is always smaller than @,,
so that it never saturates. ¢; on the other hand is considerably

larger than ¢, for at least some pixels. At these pixels aé, L 18

saturated to 1, so that they give a disproportionately smaller con-
tribution compared to simply adding up all the ¢f¢,n /bsar Values.
Thus (arn) is somewhat larger than 1/N Yo n a; ,- However,
as can be seen from the histograms of the magnetic flux distribu-
tion in magnetograms (see, e.g., Fig. 11a of Wenzler et al. 2006),
this distribution is exponential with the maximum reached for
weakest fluxes. Thus the number of pixels falls off quickly with
the increasing magnetic signal, such that only a few percent and
even less than 1% of all pixels have magnetic fluxes higher than
300 G and 500 G, respectively. Again, due to the exponential dis-
tribution, the dominant part of these “saturated” pixels lie imme-
diately above the corresponding thresholds, and thus the errors
introduced by this effect into the values of (¢ ,) are yet smaller.

Finally, the area not covered by sunspots, faculae or the net-
work is assumed to be free of magnetic field and is consid-
ered to be quiet Sun. The corresponding filling factor is aq =
1 —ay — ap — ar — ay, and the final formula for the solar radiative
flux at a given wavelengths, 4, is:

F(A,1) = aq()F4(D) + auy(DFu(d) (13)
+ap(NFp(D) + [5(1) + an(D)] Fi(2).

Integration over all wavelengths gives the total solar irradiance.

2.83. Parameters and optimization

Our model, outlined in Sects. 2.1 and 2.2, contains a number of
parameters, which are constrained by independent observations
to lie within a given range rather than to a unique value. The
main parameters suffering from such an uncertainty are ¢, and
the amplitude factor, X, which relate the length and the ampli-
tude of the ER cycles, respectively, to the corresponding values
for the AR cycles. To a lesser extent the transfer time from AR
to the open flux, 7,, and the decay time of the open flux, Topen,
which mainly influence the evolution of the open flux, are also
affected. In some cases, as described in the next section, we also
vary the saturation magnetic flux, ¢g,, in order to test the sensi-
tivity and the limits of our model. Table 1 provides an overview
of all parameters, their values for the 4 models discussed below
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in more detail and the ranges within which the parameters have
been varied.

We believe that it is important to constrain the output of
the model using as many data sets as possible. Our model is
tested against 3 independent data sets. Firstly, the reconstructed
total irradiance should reproduce direct space based measure-
ments which are available since 1978. For a comparison with
the model, we use the composite from the Davos Observatory
(PMOD composite, Frohlich 2006). Secondly, almost daily ob-
servations of the solar global photospheric field have been car-
ried out at the Mt. Wilson Solar Observatory (MWO), KP NSO
and Wilcox Solar Observatory (WSO) over cycles 21-23. Arge
et al. (2002) present a compilation of these data, whereby they
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have introduced corrections to the older NSO KP data, which
suffered from instrumental problems. This reduces the magnetic
flux in cycle 21 to roughly the level in cycle 22 (cf. Wenzler
et al. 2006). The total magnetic flux derived from these mea-
surements can thus be compared to the modelled one. When do-
ing so, we take into account the finding by Krivova & Solanki
(2004) that more than half of the photospheric flux from ER
may go uncounted in the employed synoptic charts due to their
relatively low spatial resolution. Therefore, the measured flux is
compared to the value ¢ac + 0.4¢epn + Popen. Finally, the helio-
spheric magnetic flux has been reconstructed by Lockwood et al.
(1999) based on the geomagnetic aa-index, and we compare the
calculated open magnetic flux to their empirical reconstruction.

In order to find a solution which provides as close fits to all 3
sets of data as possible, we take advantage of the PIKAIA soft-
ware (Charbonneau 1995) available from the ftp archive of the
High Altitude Observatory: http://www.hao.ucar.edu. PIKAIA is
a general purpose function optimization routine based on a ge-
netic algorithm, which is particularly efficient in finding abso-
lute exrema of multimodal optimization problems. We employ
PIKAIA to find a set (or sets) of parameters minimizing the
mean of /\{2 values between the modelled and measured TSI,
,\/%SI, total photospheric magnetic flux, Xgl‘MF’ and solar open

magnetic flux, yg ., all normalised by the number of points, N,
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in the corresponding data set. In other words, we search for the
minimum of the mean variance:

2

o= 5(0'%51 + O-"ZI‘MF + o-(z)pen)’ (14)

2 _ 2
where 0, i = X set/Ndata set- In order to compare the three

o2 values directly, we scale the total and open magnetic fluxes
to the absolute level of the TSI before computing the appropri-
ate 0.

3. Results
3.1. Standard model

We first ran PIKAIA by allowing the 4 main free parameters
listed in Table 1 to vary within the ranges suggested by different
observational data (see Sect. 2.1). The results for the model pro-
viding the smallest o> are presented in Figs. 2—4: Fig. 2a com-
pares the calculated total photospheric magnetic flux with the
measurements since 1974, Fig. 3 the modelled open flux with
the aa-based reconstruction of Lockwood et al. (1999) and Fig. 4
the reconstructed TSI with the PMOD composite. The estimated
values of the free parameters as well as the o values for the
TSI, O'%SI, total magnetic flux, O'%MF, and the open flux, o%pen,
are summarised in Table 1. Also given is the correlation coef-
ficient, R, ts1, between the modelled and observed variations of
the TSI.

Figure 2a shows the total photospheric magnetic flux for
each Carrington rotation between 1974 and 2002 measured us-
ing the WSO (circles), NSO KP (triangles) and MWO (squares)
synoptic charts and calculated with our model (solid curve).
Figures 2b and 2c illustrate the evolution of the magnetic flux
of each photospheric component (AR, ER and the open flux) as
well as their sum (total magnetic flux) since 1975 and 1700, re-
spectively. Note that the effect of the spatial resolution on the
visibility of the small ER is taken into account in Fig. 2a by
considering the quantity ¢a; + 0.4¢epn + @open rather than just
Gact + Pepn + Popen- The calculated curve lies in Fig. 2a well
within the scatter of the data and reproduces both the amplitude
of the variations and the cycle length quite well. In particular,
the amplitudes of cycles 21 and 22 are comparable to each other
whereas cycle 23 is somewhat weaker. Note that a similar com-
parison by Solanki et al. (2002) showed a strong disparity be-
tween the measurements (raw NSO KP data, without the correc-
tions proposed by Arge et al. 2002) and the model in cycle 21.
As Fig. 2a shows, this disparity has now disappeared. It turns
out that it was due to problems with the data rather than to a
shortcoming of the model.

Since the open flux controlled in the model by the transfer
time from AR, 7, and the decay time, Topen, contributes rather
little to the total flux (10-15%, see Figs. 2b and 2c), the main
two parameters determining the evolution of the total photo-
spheric magnetic flux are ¢, and X, relating the length and the
amplitude of the ER cycles, respectively, to the corresponding
values for the AR cycles. Encouragingly, values of ¢, = 7.6 yr
and X = 117 found by the optimization procedure lie within the
respective limits suggested by observations.

Since the ER cycles partly overlap, the ER flux varies much
less over the cycle than the AR flux, only by approximately a
factor of 2 (see Figs. 2b and 2c). Thus, whereas the flux in ER
is only slightly lower than that in AR at activity maxima (cf.
Krivova & Solanki 2004), it clearly dominates at minima. For re-
cent cycles (Fig. 2b), the minimum flux in ER is reached slightly
(=1-2 years) before sunspot minimum (note that, in contrast to
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the model described in Sect. 3.2, no shift is imposed here, see
Eq. (6)). All this is in good agreement with the conclusions of
Harvey (1993, 1994b).

The decay time of the open flux, 7open, Only enters Eq. (3) and
the transfer time from AR to the open flux, 7y,, is significantly
longer (210 yr) than the decay times of AR and ER (~3 months
and 14h, respectively). Thus, as mentioned above, these two pa-
rameters mainly affect the evolution of the open flux component
(see Fig. 3). Solanki et al. (2000) modelled the evolution of the
open flux considering only AR and obtained values of 7, = 12 yr
and Topen = 4 yr from a comparison with the reconstruction by
Lockwood et al. (1999). Inclusion of ER led to a slightly lower
value of Topen = 3 yr (Solanki et al. 2002), although it should be
noted that the contribution of ER to the open flux is rather uncer-
tain. The values we obtain with the standard model, i, = 13.5 yr
and Topen = 3.5 yr are close to the previously obtained values (cf.
Lockwood 2003).

The modelled (dots) and measured (grey solid line; PMOD
composite by Frohlich 2006) variations of the total solar irra-
diance are compared in Fig. 4. Figure 4a shows daily values,
Fig. 4b the 3-month running means and Fig. 4c the difference
between the model and the data (dots mark daily values and the
bigger filled circles the 30-day averages). Similarly to the total
magnetic flux, the modelled TSI is mainly driven by the 2 param-
eters, ¢, and X describing the ER cycle (the length and the ampli-
tude) via characteristics of the corresponding AR cycle (known
from the historical sunspot record). Obviously, the coarse model
used to calculate the evolution of the magnetic flux on the so-
lar surface is not designed to match the observed shorter-term
variations down to the last detail. In particular, the sine approx-
imation of the shape of the ER cycle is relatively rough, which
is clearly seen during the ascending and descending phases of
cycle 22'. Nevertheless, both the amplitude and the phase of the
variations are adequately reconstructed and the agreement be-
tween the model and the observations is fairly good with a cor-
relation coeflicient of R, = 0.78. Both the short-term (rotation
time scale) and longer-term (solar cycle) variations are equally
well reproduced.

We now use the same model to calculate the variations of the
TSI since the end of the Maunder minimum. The reconstructed
irradiance since 1700 is presented in Fig. 5 (based on the Zurich
sunspot number). The quality of the reconstruction improves
with time: only yearly values of the sunspot number (and thus
of the resulting TSI) are available before 1749, monthly aver-
ages can be calculated for the period between 1749 and 1818,
whereas daily sampling is possible after 1818 (see panel a of
Fig. 5). The longer-term trend is better evident in panel b of
this figure, where an 11-year running mean of the reconstructed
TSI is shown (solid line). Thus if we require that the model
agrees as well as possible with all available observational data,
it predics an increase in the cycle averaged TSI of about 0.095%
or 1.3 Wm™2 between the end of the Maunder minimum and the
present (where present-day level is taken as an average over last
30 years). Note that this estimate of the secular change is fairly
stable in the sense that if we vary the free parameters within the
reasonable ranges, we typically arrive at values close to those
listed above (within about £0.2-0.3 Wm™2). Below we discuss
two extreme cases in more detail. It is also worth noting that
none of the reasonable combinations of the parameters led to a

! We also tried using the shape of the (correspondingly stretched)
sunspot cycle for the ER cycle. This did not improve the correspondence
of the modelled to the observed irradiance.
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Fig. 6. Same as Figs. 2a and b but for the model with ER running 5 years
ahead of AR (model “antiphase (2)” in Table 1).

higher level of the irradiance at the minimum of cycle 23 than at
the minimum of cycle 22 as proposed by Willson (1997).

3.2. A possible shift between the ER and AR evolution

The main uncertainity in our model is introduced by the un-
known temporal evolution of the emergence rate of the ER.
Although it is evidently related to the emergence rate of AR, the
exact form of this relationship is not well established. Based on
the observational evidence outlined in Sect. 2.1, we assume that
this relationship is described by Egs. (5)—(8), which implies that
although ER of a new cycle appear earlier on the solar surface
than the corresponding AR cycle starts, the two components still
evolve nearly in phase. Hagenaar et al. (2003) found, however,
that the number density of emerging ER decreased by about a
factor of 1.5 from 1997 (i.e. right after the sunspot minimum in
1996) to a minimum in 2000 (when the sunspot number reached
its maximum). They concluded thus that the two components
may progress in antiphase, or at least with a significant shift.
Therefore we now investigate this possibility.

We intoduced a shift between the emergence rates of AR and
ER, with ER always preceding the AR. This shift was allowed
to be between 2 and 8 years and was thus an additional param-
eter. A point that should be mentioned is that no good solution
matching reasonably all 3 data sets (with TSI being the most
critical) was initially found (see Table 1, model “antiphase(1)”).
The contribution of ER to the total magnetic flux turned to be too
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strong, in particular during activity minima, and led to a heavily
deformed shape of the irradiance cycles.

Only after introducing an additional parameter, i.e. after al-
lowing one previously fixed parameter to vary, could reason-
able fits be obtained. This new parameter is the saturation flux
of faculae, ¢g, ¢, which we now allow to vary within the range
150-400 G (see Table 1). Indeed, the value of 300 G that we
use for faculae was adopted from our reconstructions based on
MDI and KP NSO magnetograms with no disctinction between
faculae and the network. Since the value for the network satura-
tion flux is somewhat higher than this (see Sect. 2.2), the value
of ¢ s can, in principle, be somewhat (although hardly signifi-
canly) lower.

The best fit was obtained with ¢g ¢ = 168 G (see Table 1,
model “antiphase (2)”). This low value indicates that the facular
contribution to the cyclic variation needs to be strongly amplified
in this model, in order to compensate for the contribution of ER
evolving in antiphase with the solar cycle (see Fig. 6b). Also,
the ER amplitude parameter, X, dropped down to 80, which is
the lowest possible value within the allowed range. This means
that better fits are obtained when the antiphase variation of ER
is dampened down. A shift of 5 years was found to be in best
agreement with the observed records, which implies that ER and
AR evolve nearly in antiphase. Note, however, that if a shift of 0
is also allowed, then the standard model is selected as the one
providing the best possible fits to the data (with the smallest
number of free parameters). In order to match the reconstruction
of the heliospheric magnetic flux by Lockwood et al. (1999),
we also had to increase the transfer time from AR to the open
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flux, T, = 13.9 years, and the decay time of the open flux,
Topen = 3.9 years.

The model with these parameters reproduces the total pho-
tospheric magnetic flux measured in cycles 21-23 less well than
the standard model (see Fig. 6a and Table 1). Particularly, the
flux at the minima preceding cycles 22 and 23 appears too high
compared to the observations due to the ER contribution as
demonstrated by Fig. 6b.

The agreement of the reconstructed irradiance with the mea-
sured is also worse than in the standard model (Fig. 7 and
Table 1). Specifically, the solar cycle trend in the model sys-
tematically lags behind that in the data by about a year. This
concerns only the overall irradiance level, while the shorter-term
(rotational time scales) changes due to AR occur simultaneously
in the model and the data. The shift is probably due to the phase
shift in the ER emergence rate, while the good short-term agree-
ment is due to the active regions, in particular the sunspots. For
the open flux, the results are rather similar in both cases, with

o2 values being even somewhat smaller in the “antiphase (2)”

open

mgdel (Table 1). Note, however, that the antiphase model has 2
additional free parameters and the value of ¢g ¢ = 168 G re-
quired to reproduce the observed irradiance variations seems to
be unreasonably low.

Although our preference is given to the standard model for
the reasons outlined above, we cannot rule the antiphase model
out and, in order to evaluate the uncertainty in the estimated

secular change in the irradiance, we have reconstructed the TSI
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back to 1700 using this model as well. It is shown in Fig. 5b by
the dashed line. The predicted increase in the cycle-averaged TSI
since that time is about 0.11% or 1.5 Wm~2, which is 15% higher
then the value obtained with the standard model (see Table 1).

3.3. Constant ER flux

Observations suggest that during cycles 21-23 the emergence
rate and the total magnetic flux of ER varied rather little, by
no more than a factor of 2 and it might well be that this factor
is very close to 1 (Harvey 1993, 1994b; Hagenaar et al. 2003).
Therefore we now also consider the important special case with
no variation in the ER flux at all. If the magnetic flux of the so-
called quiet Sun (i.e. the ER flux) does not change, then the only
source of a possible secular variation remains the open flux, be-
yond variations in amplitude from one cycle to the next. In this
way we should obtain a lower limit to the increase of the TSI
since the end of the Maunder minimum.

Since the quiet Sun magnetic flux is not known accurately,
it is considered to be another free parameter. It replaces the two
parameters, ¢, and X, used to describe the evolution of the ER
flux with time. The facular saturation flux, ¢, ¢, also needs to be
allowed to vary in order to obtain good fits (cf. models “const.
¢eph (1)” and “const. ¢epn (2)” in Table 1). Thus the number of
free parameters in this model is the same as in the standard case.

The results for this model are shown in Figs. 8-9. The evo-
lution of the total magnetic flux is reproduced less well by this
model than by the standard model (cf. Table 1), and the flux is
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rather high during activity minima (Fig. 8). The variations of the
TSI are reproduced slightly (although not significantly) less well
than by the standard model (Table 1 and Fig. 9).

In order to put a lower limit on the secular change in the TSI
since 1700, we utilise this model too to reconstruct irradiance
variations back in time. The 11-year running mean of this recon-
struction is shown by the dotted line in Fig. 5b. As expected, the
resulting increase in the cycle averaged TSI is somewhat lower
than in the other cases, 0.9 Wm™2 or ~0.065% (see also Table 1),
but is still noticeable. As seen from Fig. 8b, this increase has 2
sources: the large amplitude of recent AR cycles and a secular
rise in the open flux.

3.4. Reconstruction based on the Group sunspot number

The reconstructions carried out in previous sections were based
on the Zurich sunspot number, Rz, available since 1700. Ry is
calculated using the number of both the individual sunspots and
the sunspot groups present on the solar disc. In contrast, the
Group sunspot number, Rg (Hoyt & Schatten 1998) takes into
account only the number of sunspot groups and goes back to
1610, covering the whole Maunder minimum. A weighting fac-
tor was introduced by Hoyt & Schatten (1998), in order to scale
the Group sunspot number to the Zurich number for the period
1874-1976. Prior to 1874, however, the Zurich number is, on
average, higher than the Group number.

Using the Group sunspot number it is possible to reconstruct
solar magnetic flux and solar irradiance for a period of more
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Fig. 12. Same as Figs. 4b and 4c but for the model based on Rg.

than 36 cycles, thus extending the model to the beginning of the
Maunder minimum. We first ran PIKAIA using Rg instead of Rz,
and the 4 main free parameters were allowed to vary within the
same ranges as listed in Table 1. The obtained set of parameters
turned to be very similar to the one obtained in Sect. 3.1 with
the Zurich sunspot number, Rz, and the o> values changed only
imperceptably. This is due to the normalisation introduced by
Hoyt & Schatten (1998) for the period after 1874. Therefore, for
the Rg-based reconstruction we opt for the same set of values as
in the standard Rz model.
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The reconstructed total magnetic flux is compared to the data
from different observatories in Fig. 10a. The model reproduces
both the cycle amplitude and cycle length of the observed mag-
netic flux, and the fit is about as good as in the case of the stan-
dard Rz model (cf. Fig. 2a and Table 1). The evolution of the
magnetic flux in active regions, ephemeral regions as well as the
open and total magnetic flux are shown in Fig. 10b.

During the Maunder minimum the sunspot number was ex-
tremely low, with extended periods without any sunspots at all.
Therefore the magnetic flux in active regions dropped almost to
zero. In our model, the evolution of the other two components
of the magnetic flux (i.e. ER and open flux) is related to the
evolution of the flux emerging in active regions. Thus flux in
these components drops to zero as well. Of course, the lack of
sunspots does not necessarily imply that also smaller bipolar re-
gions stopped emerging at the solar surface. E.g., the '’Be data
suggest that the open flux showed periodic fluctuations during
the Maunder minimum (Beer et al. 1998). Unfortunately, an es-
timate of the amount of flux emerging on the solar surface during
this period is not straightforward and we assume for simplicity
that all components of the magnetic flux drop to zero during the
Maunder minimum.

In Fig. 11 the modelled open flux (solid line) is compared to
that reconstructed by Lockwood et al. (1999) from the aa-index
(dashed). Note that this component of the magnetic flux is better
reproduced using the Group sunspot number (see Table 1).
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In Fig. 12 the TSI reconstructed using Rg (dots) is compared
to the PMOD composite of space measurements (solid line).
Although the O'%SI values are very similar for the models based
on Rz and Rg, the TSI reconstructed with Rg is somewhat higher
than observed in the minima preceding cycles 22 and 23, and the
corresponding correlation coefficient, R, is lower (0.75 vs. 0.78
for the standard Rz model). This may be due to the fact, that by
ignoring individual spots, Rg contains less information about the
evolution of the weaker fields than Rz, and is thus a worse proxy
of the ER evolution. At the same time, the open flux is well de-
scribed by the large-scale magnetic field and is well represented
b)fleg.

The long-term evolution of the solar irradiance since 1610 is
shown in Fig. 13a. Note that it is almost identical with the re-
construction using the values of the free parameters obtained by
running PIKAIA. In Fig. 13b, the 11-yr running mean of this re-
construction (dashed line) is plotted together with that obtained
with the Rz standard model (solid). This figure shows that dur-
ing the period 1700—1874 the irradiance reconstructed from the
Zurich sunspot number is higher than the one obtained from the
Group number. This is because Ry is higher than Rg at that time.
The change in the TSI since the Maunder minimum is, how-
ever, almost the same in both cases, 1.3 Wm™2 (the difference
between the 2 values is about 1.5% and is statistically insignifi-
cant).

4. Conclusions

Using the physical model of Solanki et al. (2002) to calculate the
evolution of the solar photospheric magnetic flux we have recon-
structed solar total irradiance back to 1700 (or even 1610 if the
Group sunspot number is employed). In this model, the cyclic
variation of ephemeral regions (ER) is related to the properties
of the active region (AR) cycles, which are represented by the
historical records of the sunspot number and sunpot areas. The
change in the level of the quiet Sun magnetic flux caused by
the partial overlap of the ER cycles leads to a secular variation
in the solar total magnetic flux and irradiance.

Our basic model has 4 free parameters. They are estimated
by fitting simultaneously 3 independent time series which are
the total photospheric magnetic flux in cycles 21-23, the helio-
spheric magnetic flux since 1868 empirically reconstructed by
Lockwood et al. (1999) and the space-borne measurements of
the TSI since 1978. Two of the free parameters, the transfer time
from AR to the open flux, 7y,, and the decay time of the open
flux, Topen, mainly influence the evolution of the open flux and
do not affect the total magnetic flux and irradiance. The 2 others,
¢, and X, link the properties of the ER cycles to those of the AR
cycles and control the evolution of the ER magnetic flux (which
is a significant part of the total photospheric flux) and the irradi-
ance variations. The obtained values of these parameters are in
good agreement with independent observational estimates.

Both historical sunspot records, the Zurich and Group
sunspot numbers, have being employed. The irradiance recon-
structed from the Group sunspot number is on average some-
what lower during 1700-1874. However, the predicted secular
increase in the cycle averaged TSI since 1700 is almost the same
in both models and is about 1.3 Wm™2. In order to understand
the reliability and uncertainty of this estimate we also consider
two extreme cases, one assuming that ER progress in antiphase
with AR, and one assuming that the ER magnetic flux does not
change in time.

Since both of these models initially produced noticeably
worse fits to, at least, one of the considered independent time
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series, we extended the set of free parameters. Then, fairly
good fits were obtained for these alternative models. The recon-
structed TSI since 1700 looks quite similarly for all the cases
(see Fig. 5b). The model with the ER cycles being in antiphase
with those of the AR provides the highest rise in the cycle aver-
aged TSI of about 1.5 Wm~2, whereas the model with a constant
ER flux puts a lower limit of about 0.9 Wm™? to this quantity.

This low value is in agreement with findings of Foster
(2004); Lockwood (2005) and Wang et al. (2005). This is not
surprising. Wang et al. (2005) neglected the extended length of
the ephemeral region cycle. Therefore, the increase in TSI since
the Maunder minimum they find (1 Wm™2) is expected to be sim-
ilar to that which we obtain when we do not allow the ephemeral
region flux to change with time. Foster (2004), cf. Lockwood
(2005), did take the network into account and obtained an upper
limit of 1.7 Wm™2 on the TSI change by assuming that the net-
work disappeared during the Maunder minimum. This is close to
the value of 1.5 Wm™2 we obtain for our extreme model show-
ing the largest ATSI. They then assume that half of the net-
work was still present in the Maunder minimum, which gives a
ATSI ~ 1 Wm™2. This lies between the values of ~0.9 Wm™2 and
~1.3 Wm™2 obtained for our constant ER flux and standard mod-
els. The ATSI obtained in this paper thus cover the range found
from independent recent reconstructions. However, all the val-
ues we obtain are significantly below the ATSI values deduced
from stellar data and used in older TSI reconstructions.
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