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Reconstruction of solar spectral irradiance since the Maunder

minimum

N. A. Krivoval, L. E. A. Vieiral’z, and S. K. Solanki'?

Abstract.

Solar irradiance is the main external driver of the Earth’s climate. Whereas the

total solar irradiance is the main source of energy input into the climate system, solar UV ir-
radiance exerts control over chemical and physical processes in the Earth’s upper atmosphere.
The time series of accurate irradiance measurements are, however, relatively short and limit

the assessment of the solar contribution to the climate change. Here we reconstruct solar to-

tal and spectral irradiance in the range 115-160 000 nm since 1610. The evolution of the so-

lar photospheric magnetic flux, which is a central input to the model, is appraised from the
historical record of the sunspot number using a simple, but consistent physical model. The model
predicts an increase of 1.25 W/mz, or about 0.09%, in the 11-yr averaged solar total irradi-

ance since the Maunder minimum. Also, irradiance in individual spectral intervals has gener-

ally increased during the last 4 centuries, the magnitude of the trend being higher towards shorter
wavelengths. In particular, the 11-yr averaged Ly-a irradiance has increased by almost 50%.

An exception is the spectral interval between about 1500 and 2500 nm, where irradiance has

slightly decreased (by about 0.02%).

1. Introduction a8
49

Various observations suggest that the Earth’s climate haso
always being changing. Both internal sources and exters:
nal drivers contribute to this variability. The most recent.
strong increase of the global surface temperature appears tes
be rather unusual, however [Solomon et al., 2007]. Althoughs
human activity has being widely recognised to be a majoss
contributor, the relative roles of different drivers are still nots
well understood and need more accurate evaluations. 57
The solar radiative output is the main external drivegs
of the Earth’s coupled atmospheric and oceanic systenso
[Hansen, 2000; Haigh, 2001, 2007]. A prime solar quaneo
tity for the Earth’s climate is solar irradiance, which is the:
total solar energy flux at the top of the Earth’s atmospheres
With the advent of coupled chemistry and general circues
lation models (GCM), the variability of solar spectral ires
radiance (SSI) is increasingly coming into the focus of ates
tention of climate research due to its importance for thes
chemistry and dynamics of the Earth’s atmosphere [Haighg
1994, 2001, 2007; Langematz et al., 2005]. Whereas the toes
tal solar irradiance (i.e. the irradiance integrated over thes
whole spectrum, TSI) changes by about 0.1% between soo
lar activity minimum and maximum [Fréhlich, 2006], the
UV emission changes by a few percent at 200-300 nm to upe
to 100% around the Ly-alpha emission line near 121.6 nms
[Floyd et al., 2003; Krivova et al., 2006]. The variability ins
the IR is comparable to or lower than the TSI variationsis
In the range between about 1500 and 2500 nm, i.e. in thes
vicinity of the atmospheric water vapour absorption bandsy
the variation over the solar cycle is even reversed with ress
spect to the TSI cycle [Harder et al., 2009; Krivova et alz
2010]. 80
81
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Unfortunately, the time series of accurate measurements
of solar and geophysical parameters prior to the increase
of man-made greenhouse gases are relatively short, which
limits the assessment of the Sun’s role in present-day cli-
mate change relative to contributions of humanity and to
other natural drivers. Reconstructions of these parameters
prior to the satellite era are therefore needed in order to ob-
tain further insight into the nature of solar influence on the
Earth’s climate on longer time scales.

Recent century-scale reconstructions of the total solar ir-
radiance [Foster, 2004; Lockwood, 2005; Wang et al., 2005;
Balmaceda et al., 2007; Krivova et al., 2007; Crouch et al.,
2008; Steinhilber et al., 2009] suggest that the magnitude of
the secular increase in the total irradiance since the Maun-
der minimum, which was a period of extremely low solar
activity observed prior to 1700 [Eddy, 1976], is comparable
to the solar cycle variation. In most earlier reconstructions,
the secular trend was not derived consistently but was as-
sumed based on solar-stellar comparisons. Such an approach
was later criticised and the derived values, between 2 and
8 W/m?, were found to be significantly overestimated [for a
discussion, see Krivova et al., 2007].

Reconstructions of solar UV irradiance since the Maunder
minimum have earlier been presented by Fligge and Solanki
[2000] and by Lean [2000]. Of these, the first one was based
on LTE (Local Thermodynamic Equilibrium) calculations
of the solar spectrum, whereas the latter was scaled using
UARS/SOLSTICE measurements. The LTE approximation
gives inaccurate results below approximately 200 nm and in
some spectral lines, whereas the long-term uncertainty of
SOLSTICE (indeed, of all instruments that measured so-
lar UV irradiance before SORCE) exceeded the solar cycle
variation above approximately 250 nm, thus leading to in-
correct estimates of the UV irradiance variability at longer
wavelengths [see Lean et al., 2005; Krivova et al., 2006]. Fur-
thermore, both reconstructions assumed a higher value of
the secular trend than currently accepted, as discussed in
the previous paragraph.

In this paper, we present a new reconstruction of solar to-
tal and spectral irradiance back to the Maunder minimum.
It is based on the SATIRE-T (Spectral And Total Irradiance
REconstructions for the Telescope era) model developed by
Krivova et al. [2007], which is modified and updated here to
take into account the latest observational data and theoret-
ical results. These include: the new model of the evolution
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of solar total and open magnetic flux by Vieira and Solank:
[2010], the updated reconstruction of the heliospheric mags
netic flux by Lockwood et al. [2009], the reconstructed solass
UV irradiance since 1947 [Krivova et al., 2009a, 2010] ands
the facular contribution to the TSI variations since 197ds
[Wenzler, 2005]. Spectral irradiance below 270 nm is calse
culated following Krivova et al. [2006] and Krivova et b
[2009a]. 158

The model is described in Sect. 2. The model is validateq
by computing its output with observed or reconstructed dat4?
in Sect. 3. The reconstruction of solar total and spectrai
irradiance since 1610 is presented in Sect. 4. Section 5 thef?

summarises the results. 163
164

165

2 . Model 166
2.1. SATIRE-T 12;

The current model is a development of the SATIRE-1ko
model presented by Krivova et al. [2007]. The SATIRE
models [Solanki et al., 2005; Krivova et al., 2010] start fronu
the fundamental assumption that all irradiance variationg
on time scales longer than a day are caused by the evolutions
of the solar photospheric magnetic field. This assumptions
is well supported by the excellent agreement (7‘3 > 0.9) bes
tween the calculated irradiance variations and satellite meaz
surements [Krivova et al., 2003; Wenzler et al., 2006]. ‘Vis-
ible’ manifestations of the magnetic field in the solar pho-
tosphere are dark sunspots, bright faculae and the bright
network, and they modulate solar brightness. Thus solar
irradiance, F'(\,t), i.e. the solar radiative flux, at the wave-
length A\ and the point ¢ in time can be calculated as follows:

FAt) = aq)Fa(A) + au() Fu(N) (1)
+ ap(t)Fp(\) + [ar(t) + an(t)] Fr(N).

Here indices q,u, p,f,n denote different components of the
solar photosphere, namely, the quiet Sun (i.e. solar surfacl(;7
essentially free of magnetic field), sunspot umbra, penumbrg,
as well as faculae and the network, Fi(\) (i = q,u,p,f, njg
is the time-independent flux of each component at a givep,
wavelength and «i(t) is the corresponding filling factor at g,
given time. The spectrum of each component, Fi()), i.e. the
flux one would obtain if the whole solar surface were cov-
ered by component i, was calculated by Unruh et al. [1999]
using the ATLAS9 code of Kurucz [1993, 2005] from semi-
empirical model atmospheres. The same model atmospherg,
is used here to describe both faculae and the network, i.¢,;
Fy = F. 184
Solar irradiance varies with time because the amount angs
the distribution of different brightness features (sunspotsss
faculae and the network) are steadily changing. This is reps;
resented by the so-called filling factors in the model, a;(t)ss
They describe which fraction of the solar surface is covereds
by each of the photospheric components at a given timeso
Their assessment is relatively straightforward for the pee:
riod, when direct measurements of the solar magnetic field:
(magnetograms) are available. Data of sufficient quality gos
back to 1974 only [see Wenzler et al., 2006]. At earlier timess
no or only lower quality data are available, and the fillimgs
factors need to be estimated in a different way. In partiess
ular, information on the spatial distribution of the photae
spheric structures is typically not available for the earliess
times. Therefore Eq. (1) assumes their homogeneous spa®
tial distribution. 200
201

2.2. Evolution of the photospheric magnetic flux 2%
203

Krivova et al. [2007] have used the coarse physical modeds

of the evolution of the solar photospheric magnetic flux hys
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Solanki et al. [2000, 2002] to compute the filling factors. In
this model, all magnetic features on the solar surface are
subdivided into active (AR, large bipolar regions emerging
in the activity belts and living for up to several weeks) and
ephemeral (ER; smaller, short-lived structures emerging at
all latitudes) regions. The flux emergence rate in AR and
ER is estimated from the historical record of the sunspot
number, Ry, as discussed below. Part of the magnetic flux
emerging in AR and ER is dragged away from the Sun by
the solar wind plasma and reaches far into the heliosphere.
This open magnetic flux can survive for several years on the
solar surface, since it is often located in large regions with
a dominant magnetic polarity. However, some of the flux
stays ‘open’ for a much shorter time, one to several solar ro-
tations [Ikhsanov and Ivanov, 1999; Cranmer, 2002]. These
are possibly smaller, short-lived coronal holes usually asso-
ciated with a decaying active region. This rapidly decaying
open flux component was not taken into account in the orig-
inal model by Solanki et al. [2000, 2002]. Vieira and Solanki
[2010] have shown, however, that its inclusion significantly
improves the agreement between the modelled open flux and
its reconstruction based on the aa-index.

Thus, 4 coupled ordinary differential equations describe
the evolution of the AR (¢act), ER (depn) and of the slow
(¢5pen) and rapidly (¢open) decaying open flux components
[for details, see Vieira and Solanki, 2010] with time, ¢:

Lt (- Tt T B ()
Tt = () - o S, Q0
% = @ @ — @ (4)

dt Tact Teph Topen
% = % — @. (5)
dt Thet Topen

Note, that in the earlier version of the model [Solanki et al.,
2002; Krivova et al., 2007] only 3 equations were considered,
without distinguishing between the slow and rapid compo-
nents of the open flux. The sum of all magnetic field compo-
nents represents the total photospheric magnetic flux, ¢ot:

¢tot = d)act + ¢eph + d)Zpen + d);pen' (6)

In Egs. (2-5), Tact, Teph, Topen a1d Topen are the decay
time scales for AR, ER, slow and rapid components of the
open flux, respectively, whereas 7,.;, 75, and T, are the
flux transfer times from active and ephemeral regions to the
slow and rapid open magnetic flux. Of these 7 parameters,
Teph 1s fixed to 14h (or 0.0016 yr) according to observations
by Hagenaar [2001]. All other are left free within the lim-
its provided by appropriate observations, as discussed by
Krivova et al. [2007] and Vieira and Solanki [2010] (see also
Table 1).

The flux emergence rates of AR, €act, and ER, €cpn, which
are the main inputs to the model, are calculated from the
historical group sunspot number, R, [Hoyt and Schatten,
1993]. The emergence rate in active regions, €act, is taken to
be linearly proportional to the sunspot number and is scaled
according to the observations of Schrijver and Harvey [1994]
for cycle 21. ER cycle is extended with respect to the AR
cycle [see, e.g., Harvey, 1992, 1993, 1994], and its length and
amplitude are assumed to be related to the properties of the
corresponding sunspot cycle. The latter is justified if ER are
produced by the same dynamo mechanism as the AR. This
introduces 2 additional free parameters into the model: the
scaling factor X between the emergence rates of ER, €epn,
and AR, €act, and the ER cycle length extension parameter,
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¢z (see Krivova et al. [2007] and Vieira and Solanki [20104
for further details). 254
255

2.3. Filling factors

256

After the magnetic flux is calculated as described above
the filling factors a; needed to calculate solar irradiance (see
Eq. 1) can be derived.

The filling factors for sunspots are calculated directy’
from the sunspot areas since 1874 [Balmaceda et al., 2009}
Before 1874 a correlation analysis between sunspot areas and
numbers is first carried out in order to compute sunspot af®®
eas for that earlier period. Following Krivova et al. 20071
we employ a fixed ratio between umbral and penumbral ar®
eas, au/(au + ap) = 0.2 [Brandt et al., 1990; Solanki, 2003%°
Wenzler, 2005]. 267

The filling factors of faculae and the network are calcie
lated from the corresponding modelled magnetic fluxes. Tlee
sum of the ER and open magnetic fluxes represents the evaw
lution of the network: ¢n = ¢eph + Popen. Facular magnetie
flux, ¢r, is derived from the AR magnetic flux after subtrae=
tion of the magnetic flux of sunspots: ¢f = Pact — ¢ps. Thees
latter, ¢s, is the product of sunspot area and the mean magz
netic field strength in sunspots [see Krivova et al., 2007]. Ins
order to convert magnetic fluxes into filling factors we apss
ply the same scheme as in all SATIRE models [e.g., Krivoua
et al., 2003; Wenzler et al., 2006; Krivova et al., 2007]: thes
filling factors as and a, are proportional to the correspondso
ing magnetic fluxes, ¢r and ¢y, until a saturation limit, ¢sataso
and ¢sat,n, is reached. Above the corresponding saturatiog,
limits af = 1 and a, = 1. The value of @sat,n is fixed tg,
800 G, in agreement with the results obtained for the model,
based on magnetograms [Krivova et al., 2007]. Note that,
these 800 G correspond to the value of 500 G employed by,
Krivova et al. [2007] for the newer calibration of the MDJ
magnetograms [Tran et al., 2005] (Krivova et al. still e
ployed the older calibration). The saturation limit for facy,
lae, ¢sat f, is left free.

Flnally, the area not covered by photospheric magnetlc
structures (sunspots, faculae and network elements) is cong1

sidered to be the quiet Sun: aq =1 — oy — ap — af — an. »or

293

2.4. Parameters and optimisation ot

Our model thus has 9 free parameters, summarised iss
Table 1, i.e. one more than in the magnetic flux modeds
by Vieira and Solanki [2010]. The additional parameterg
@Psat,f, is the only one, which is directly related to the irra-
diance reconstructions (as in all SATIRE models), i.e. to
the conversion of the magnetic flux into irradiance. In order
to constrain the free parameters as tightly as possible, we
compare the model results with different sets of available ob-
servational data or with other models, i.e. we require tha%z

Table 1. |

|Parameters of the model providing the best fit to the 5
considered data sets and their allowed ranges. Times are given

in years.

Parameter Notation Value Min  Max
AR decay time Tact 0.30 0.2 0.8
ER decay time Teph 0.0016 fixed
Slow OF decay time Opcn 2.97 0.0016 6.0
Rapid OF decay time Open 0.16 0.08  0.36
AR to slow OF transfer time Toct 71.2 10 90
AR to rapid OF transfer time Thet 2.1 0.0016 3.0
ER to slow OF transfer time esph 17.8 10 90
ER cycle amplitude factor X 78 70 150
ER cycle extension Cz 5.01 5 9
Saturation flux in faculae, G bsat.f 156.1 50 850
Saturation flux in network, G Psat,n 800 fixed

X-3

the modelled time series simultaneously match as well as
possible 5 distinct related independent records.

Following Vieira and Solanki [2010], the modelled total
magnetic flux is confronted with the measurements carried
out at the Mt. Wilson Solar Observatory (MWO), National
Solar Observatory Kitt Peak (KP NSO) and Wilcox Solar
Observatory (WSO) over cycles 20-23 [Arge et al., 2002;
Wang et al., 2005]. The calculated open magnetic flux is
compared to the reconstruction by Lockwood et al. [2009]
since 1904. Following Krivova et al. [2007], we also require
the computed TSI variations to match the PMOD com-
posite of space-based measurements since 1978 [Frohlich,
2005, 2008, version d41_62_0906].

Here we have also added 2 new records to constrain the
model further. These are (i) the facular contribution to the
TSI variations over 1978-2003, computed by Wenzler [2005]
with the SATIRE-S model from KP NSO magnetograms and
continuum images, and (%) the solar irradiance flux inte-
grated over wavelengths 220-240 nm over the period 1947—
2006 as reconstructed by Krivova et al. [2009a] and Krivova
et al. [2010] using solar F10.7 cm radio flux (before 1974)
and KP NSO as well as MDI magnetograms and continuum
images (after 1974). The two new sets serve, firstly, to pro-
vide further constraints on the model and the values of the
free parameters. Secondly, they ensure that not only the to-
tal (integrated over all wavelengths) irradiance is reproduced
correctly but also its spectral distribution. The contribution
of the UV wavelengths to the total irradiance is relatively
weak [less than 8% for all wavelengths below 400 nm Krivova
et al., 2006], and thus errors in its calculation are not nec-
essarily evident in the TSI. Also, since faculae dominate
irradiance variations in the UV [e.g., Unruh et al., 2008], it
is crucial that their evolution is modelled properly. Thus
although we now have one free parameter more than in the
model by Vieira and Solanki [2010], the model is required to
reproduce 3 additional independent records and is therefore
better constrained.

Following Krivova et al. [2007] and Vieira and Solanki
[2010], we utilise the PIKATIA optimisation routine [C’har—
bonneau, 1995, http: //WWW hao.ucar.edu] in order to min-
imise the mean of the x? values (weighted by the degrees
of freedom) between the 5 modelled and the correspond-
ing measured (or independently reconstructed) time series.
Further details are given in previous papers [Krivova et al.,
2007; Vieira and Solankt, 2010].

3. Validation of the model

Here we first consider how well our model agrees with the
5 independent times series used to constrain the model pa-
rameters, as outlined in Sect. 2. The best estimates of the

Table 2. |

| Parameters quantifying the quality of fits between the
modelled and corresponding independent time series. Listed are:
quantity that has been compared, time scale, on which the
comparison was performed, the correlation coefficient, R., the
slope of the linear regression, x2 between the time series under
examination, x2 obtained by Vieira and Solanki [2010] if

available (x?-VS10).
Quantity t scale R. Slope x2  x%2-Vsio
Total magnetic flux 1 CR* 0.93 1.06+0.01 0.069 0.065
Open magnetic flux 1yr 0.86 0.84£0.05 0.248 0.222
TSI 1 day 0.81 0.76+0.01 0.233 -
Fac. contr. to TSI var. 3 months 0.94 0.94+0.004 0.064 -
UV flux (220-240 nm) 3 months 0.94 0.994+0.003 0.072 -

*CR = Carrington rotation
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free parameters are listed in Table 1. Figure 1a shows the ton
tal magnetic flux between 1967 and 2007 (solid line). The tor
tal flux displayed there is calculated as ¢act +0.3¢eph + Popears
The factor 0.3 for the ER component takes into account thses
finding of Krivova and Solanki [2004] that more than half ofs
the ER magnetic flux remains undetected in the harnesseds
synoptic charts due to insufficient spatial resolution. Alser
plotted are the measurements by KP NSO (squares), MW
(diamonds) and WSO (triangles). Each data point is amo
integral over a synoptic chart for one Carrington rotationso
Note that for the optimisation only the period between 197
and 2002 is used, when all 3 observatories performed obsezs:
vations. The model is plotted against the measurements i3
Fig. 1b. The solid line in this panel represents the lineass
regression fit to the data, with a slope of 1.06, whereas thes
dashed line depicts the ideal fit (with a slope of 1). The cosss
relation coefficient between the model and the observatioms:
is R. = 0.93. 388

The results for the open magnetic flux are displayed iamo
Fig. 2: panel a shows the time series of the modelledo
open flux since 1900 and of the independent reconstructios:
by Lockwood et al. [2009] from the geomagnetic aa-indexs
whereas panel b confronts one with the other directly. Thes
correlation coefficient between the two is 0.86. 394

Another test of the calculated open flux is offered by itss
comparison with the cosmogenic isotope data. Their prass
duction rate depends on the galactic cosmic ray flux, whickr
is modulated by the solar open magnetic flux. Usoskin et abs
[2006] have, in particular, demonstrated that being indepense
dent of terrestrial processes, the activity of cosmogenic isaeo
tope “*Ti in meteorites represents a good proxy of seculam
variations of solar open magnetic flux. The activity of the:
cosmogenic isotope **Ti calculated from our reconstructeds
open flux (Usoskin 2010, priv. comm.) is found to be in as
good agreement with the measurements. 405

Figure 3 displays changes in the TSI over cycles 21—2306
The model is represented by the grey dotted line, the PMOLk
composite of measurements [Fréhlich, 2005, 2006, 2008] biys
the black solid line. The correlation coefficient between thes
daily time series is 0.81, which is slightly higher than in theo
previous version of the model [0.79, Krivova et al., 2007]. As:
discussed by Vieira and Solanki [2010], due to the extended:
length of the ER cycle, around activity minima both thes
preceding and following cycles contribute to the magnetias
flux (and thus irradiance). Since the features of the nexts
cycle (24) are not yet known and we wanted to avoid aruys
speculations, we neglected this cycle and did not take ther
declining phase of cycle 23 into account in the optimisations
The missing cycle 24 leads to obviously too low values ofo
TSI for the current minimum. Thus irradiance values after
around 2005 are unreliable. For this reason also, the current:
model cannot be used to test the claim of Frohlich [2009}
that the lower level of the TSI during the current minimumas
compared to the previous one is of non-magnetic origin. Thiss
question will be addressed separately in a forthcoming pass
per (Vieira et al., in prep.), where the unknown strengtds
and length of cycle 24 are introduced into the model as ads7
ditional free parameters, leading to a good agreement alsos
with TSI values of the current minimum. 429

Another feature of the model is that the true shape of theo
cycle cannot be reproduced with high precision. The reasom
is the lack of detailed information on the emergence rate of:
the magnetic flux in bright magnetic features (faculae ands
the network) responsible for the Sun’s brightening during aes:
tivity maxima. In the model they are assumed to be relateds
to the evolution of sunspots, which is a reasonable assumpss
tion on time scales of multiple months and longer, but doesr
not necessarily hold on time scales of days to months (sees
paper by Preminger and Walton [2005] showing that spotss
and faculae are offset in time relative to each other). Thus
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the evolution of the facular and network components cannot
be recovered on a daily basis. Note that the dips in the irra-
diance, which are caused by sunspots, are still well replicated
since they are described by real sunspot area observations.
Thus caution should be exercised when using this model for
analysis of irradiance trends on time scales of several weeks
to about a year or two [cf. Krivova et al., 2009b]. This pecu-
liarity is also seen in panel b of Fig. 3, where the difference
between the model and the PMOD composite of measure-
ments is plotted. For the reasons mentioned above, we do
not plot the period after 2005. Although when averaged
over the whole period this difference is clustered around 0
with no evident long-term trend, the difference shows some
systematic trends during a cycle. Thus both the rise and
the decline in the modelled irradiance are typically slightly
delayed compared to the observations, i.e. the cycles are
more symmetric in the model than in reality. This system-
atic difference in the cycle shape also leads to the relatively
low value of the linear regression slope between the modelled
and observed TSI (Table 2).

Since the main goal of this work is a reconstruction of
the solar spectral irradiance over the last 4 centuries, it is
important to validate the model against data, which are
particularly sensitive to the correct representation of the
solar spectral energy distribution, in particular in the UV.
We found 2 such sets: the facular contribution to the TSI
variations deduced by Wenzler [2005] from the KP NSO
magnetograms and continuum images and solar irradiance
integrated over the wavelength range 220240 nm calculated
by Krivova et al. [2009a, 2010] from the solar F10.7 cm radio
flux (before 1974, proxy model) and NSO KP and MDI mag-
netograms and continuum images (after 1974, SATIRE-S).
For the period since 1996 the values computed by Krivova
et al. [2009a, 2010] are in excellent agreement with SUSIM
measurements. Hence the quantities we are comparing to
are finally anchored in measurements.

The modelled facular contribution to the TSI variability
and the 220-240 nm radiative flux are shown and compared
to the corresponding independent series in Figs. 4 and 5, re-
spectively. As discussed above, our model is not expected to
give accurate results for facular and network evolution (and
thus also UV irradiance) on time scales shorter than a few
months. Therefore the comparison (as well as the optimisa-
tion) was performed for these two records after smoothing
over 3 months.

Figures 4a and Ha show the time series, both modelled
here (solid lines) and deduced previously by independent
means (dashed lines). Figures 4b and 5b compare each of
the sets with the appropriate independent record. The cor-
relation coefficients are 0.94 in both cases.

Table 2 summarises the main quantities reflecting the
agreement between the modelled time series and the cor-
responding measurements or independent reconstructions.
Listed are the shortest time scales, on which the data were
compared (the longest time scale corresponds to the length
of the observed data set), the correlation coefficients, slopes
of the linear regressions and x? values. For the total and
open magnetic flux, also the x? values obtained for the
model by Vieira and Solanki [2010] are indicated. They
are slightly lower than the values obtained here, which is
not surprising. As mentioned by Vieira and Solank:i [2010],
the set of parameters obtained by them is not unique and
similarly good fits can be reached with somewhat different
values. This is partly because some of the parameters are
not absolutely independent and have similar effects on the
results. Since here we required the model to fit 3 additional
data sets, this constrains the free parameters further, and
thus it is not unexpected that fits to the individual data
sets can be somewhat worse. In fact, it is rather encourag-
ing that we still obtain fits of essentially the same quality
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(X2 = 0.069 and 0.248 compared to 0.065 and 0.222 fromos
Vieira and Solanki 2010 for the total and open flux, respees
tively; Table 2). Further discussion on the magnetic fluss
evolution, including contributions of different components,
(AR, ER and open flux) can be found in the paper by Vieirg,
and Solanki [2010]. si1

Yet another test of the quality of the model is offered hy,
a comparison of the reconstructed solar irradiance in Ly-g,
line with available measurements and a proxy model. Singg,
this quantity was not taken into account in the optimis%—
tion and a comparison was carried out a posteriori, this 1s

discussed in the next section. o7

518
4. Irradiance reconstruction 519
4.1. Total Solar Irradiance Z?
Figure 6 shows the reconstructed TSI since 1610. This
solid line represents daily values and the thick line the valuess
after 11-yr smoothing. Also shown are the measurements,
available since 1978 (grey dots). Between the end of thgs
17th century (i.e. the end of the Maunder minimum) ang,
the end of the 20th centuries (represented as an ayerage ovel,
1975-2005), the TSI has increased by 1.25 W/m?, or abou,
0.09%. This is in a good agreement with the earlier estis,
mate by Balmaceda et al. [2007] and Krivova et al. [2007j
who obtained a value of 1.3 W/m This good agreement 0%"
the new version of the model presented here, which involves
a more accurate representation of the open magnetic flux
evolution and uses 2 additional data sets (facular contribu-
tion to the TSI variation and irradiance at 220-240 nm) to'
constrain model’s free parameters, is an encouraging result’
This suggests that the model is rather tolerant to soni&
unavoidable assumptions and uncertainty in the values 8F
the free parameters (see also discussion of errors in Vieird
and Solanki [2010]). Even for two extreme assumptiong®
time-independent ER flux and ER cycles being in antiphagé®
with AR cycles Krivova et al. [2007] obtained values &f!
about 1.5 W/m and 0.9 W/m? for the increase since ti
Maunder minimum, respectively. All these values thus lis
within a rather tightly confined range, also consistent witdas
the results obtained by other methods [e.g., Foster, 20044

Lockwood, 2005; Wang et al., 2005; Crouch et al., 20084
Steinhilber et al., 2009). 547

548
4.2. Solar Spectral Irradiance 549

By design, SATIRE models allow reconstruction of both’
total and spectral solar irradiance (see Sect. 2.1 ané
Eq. (1)). However, since the LTE (Local Thermodynamit
Equilibrium) approx1mat1on is involved in calculations &F
brightness spectra of different surface features (Sect. 2.7}
from the appropriate model atmospheres [see also Unruf®
et al., 1999], which is expected to fail in the UV, the irrad®
ance below about 200 nm and in some stronger lines abové’
200 nm is not reliable. 558

Krivova et al. [2006, 2009a] have found that, despite t1#69
LTE approximation, SATIRE models work well in the speégo
tral range 220 to 240 nm, as well as at the wavelengths abowe!
approximately 270 nm. In order to extend the model twee
other wavelengths below 270 nm, which are of special intesss
est for climate studies, they worked out a technique, whicls
makes use of the available measurements of solar irradiance
in the UV by the UARS/SUSIM instrument. Empirical re-
lationships have been constructed between the irradiance in
the range 220-240 nm and irradiances at other wavelengths
between 115 and 270 nm. Thus whenever irradiance at 22(p
240 is available, it is also possible to reconstruct irradiances
over the whole range 115-270 nm. We have here applied this
technique in order to also calculate the spectral irradiances
over the range 115-270 nm. 560

The quality of this reconstruction can be judged frommo
a comparison of the modelled irradiance in Ly-a line witdu

X-5

available measurements by UARS/SUSIM between 1991 and
2005 and a composite time series compiled by Woods et al.
[2000]. The composite comprises the measurements from
the Atmospheric Explorer E (AE-E, 1977-1980), the So-
lar Mesosphere Explorer (SME, 1981-1989), UARS SOL-
STICE (1991-2001), and the Solar EUV Experiment (SEE)
on TIMED (Thermosphere, Ionosphere, Mesosphere Ener-
getics and Dynamic Mission launched in 2001). The gaps
are filled in using proxy models based on Mg core-to-wing
and F'10.7 indices, and the F10.7 model is also used to ex-
trapolate the data set back in time. All 3 series are plotted
in Fig. 7, with panels a and b showing daily and 3-month
smoothed data, respectively. The model is represented by
the red line, SUSIM data by green, and the composite record
by the blue line. As in the case of the TSI, due to the miss-
ing ephemeral regions from cycle 24, the model gives too low
Ly-a irradiance values from roughly 2005 onwards, so that
we stop comparing its output with the data around then. By
the model design, the magnitude of the solar cycle variation
agrees better with the SUSIM data than with the compos-
ite [see Krivova et al., 2009a]. The correlation coeflicients
are 0.85 between the daily-sampled model and the SUSIM
data and 0.89 between the model and the composite record.
For the 3-month smoothed records, the correlation between
the model and the composite by Woods et al. [2000] is 0.95.
Note, however, that as discussed in Sect. 3, the shape of the
cycles cannot be reproduced very accurately by the model
design, so that times of activity minima and maxima may
differ from the real ones by about a year or two. A complete
Ly-a time series since 1610 is displayed in Fig. 8. Averaged
over 11 years, Ly-« irradiance has increased by almost 50%
since the end of the Maunder minimum.

Figure 9 shows the reconstructed irradiance integrated
over some spectral ranges of particular interest for cli-
mate studies: Schumann-Runge oxygen continuum, 130-
175 nm (a), Schumann-Runge oxygen bands, 175-200 nm
(b), Herzberg oxygen continuum, 200-242 nm (c), Hartley-
Huggins bands, 200-350 nm (d) and 2 IR intervals contain-
ing water vapour absorption bands, 800-1500 nm (e) and
1500-2500 nm (f). The variability is significantly stronger
at shorter wavelengths, as previously found for solar cycle
time scales [Floyd et al., 2003; Krivova et al., 2009a, 2010],
and in the range between around 1500-2500 nm it is reversed
compared to other wavelengths. The inverse solar cycle vari-
ability in this range has previously been noticed by Harder
et al. [2009] based on SORCE/SIM observations in cycle 23
and by Krivova et al. [2010] based on the SATTRE-S model
results. This is explained by the low or even negative con-
trast of faculae at these wavelengths [Unruh et al., 2008],
so that their brightening (if any) no longer compensates the
darkening due to sunspots. The increased amount of the fac-
ular and ER surface coverage since the Maunder minimum
(as a result of the increase in the corresponding magnetic
fluxes — see Vieira and Solanki [2010]), thus also leads to
an overall increase (of the order of 0.02%) in the irradiance
at 1500-2500 nm.

The complete time series of the reconstructed spectral

and total irradiance are available from http://www.mps.mpg.de/-

projects/sun-climate/data.html.

5. Summary

Solar irradiance has long been recognised as an important
climate driver [Hansen, 2000; Haigh, 2001, 2007]. Nonethe-
less the main processes through which the Sun affects global
climate remain uncertain. Whereas the total solar irradiance
is the main external source of energy entering the Earth’s
climate system, solar UV irradiance governs chemical and
physical processes in the Earth’s upper atmosphere.
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Accurate assessment of the solar forcing on the Earthés
climate is partly hampered by a shortage of reliable and sufss
ficiently long irradiance records. Although significant atte
tion has been paid in recent years to reconstructions of soldf®
total irradiance, long-term reconstructions of solar spectrgﬂ
irradiance [Flzgge and Solanki, 2000; Lean, 2000] suﬁereﬁé‘l
from the fact that they estimated the magnltude of the long-
term trend from stellar data that have in the meantime been
refuted. The SATIRE set of models [Solanki et al., 2005;
Krivova et al., 2010] provides a tool to reconstruct solar to-
tal and spectral irradiance. However, since the LTE approxi-
mation underlies the computations of the brightness spectas
of different photospheric components, the original version 6%
the model fails in the UV. Although it contributes little t®
the total irradiance (such that the modelled TSI is neve?52
theless quite accurate), this wavelegth range on its own %§4
of special interest for climate research due to its importan,
influence on the chemistry and dynamics of the Earth’s ats,
mosphere [Haigh, 1994, 2007; Langematz et al., 2005]. 657

The most recent empirical extension of the SATIRE modss
els to shorter wavelengths [Krivova et al., 2006, 2009aj
makes it possible to reconstruct solar spectral irradgs°
ance over a broad spectral range between 115 nm an®
160 pm. Here we combined this empirical technique with tH&
SATIRE-T model previously used by Balmaceda et al. [200’?1
and Krivova et al. [2007] to reconstruct solar total 1rradlan(‘6g5
since the Maunder minimum. In the SATIRE-T model, thg
sunspot number and, whenever available, sunspot areas awe;
used in order to reconstruct the evolution of the solar surfaces
magnetic field following Solanki et al. [2000, 2002], whidle
is then converted into irradiance. Recently, the physical’
model of the solar photospheric magnetic field was recori’!
sidered and updated by Vieira and Solanki [2010], so thaﬁ%2
it now provides an even better agreement with the mdeperg7 .
dent open flux reconstruction from the geomagnetic aa-indey,
[Lockwood et al., 2009]. 676

We have used this improvement to firstly update the re
construction of the TSI since 1610. The new reconstructioms
shows a slightly better agreement with the PMOD compog§®
ite of TSI measurements (with a linear correlation coefficier
of 0.81 compared to 0.79) than the earlier version, althougﬁﬁ1
the two versions are still consistent with each other &
now find a value of about 1.25 W/m? as our best estimate,
for the 11-yr averaged increase in the TSI between the eng;
of the Maunder minimum and the end of the 20th centuryge
compared to 1.3 W/m? derived by Balmaceda et al. [200%
and Krivova et al. [2007]. 688

We have then combined the SATIRE-T model with the
empirical extension of the model to shorter wavelengths ant
calculated solar spectral irradiance for the last 400 years ovét*
the spectral range 115 nm to 160 pm. We required the modesl
to fit 2 additional independent time series, namely the fa(:tg94
lar contribution to the TSI variation and the solar UV flug;
over the range 220-240 nm as derived with the SATIRE-gs
model based on KP NSO and MDI magnetograms and comner
tinuum images [ Wenzler, 2005; Wenzler et al., 2006; Krivowes
et al., 2009a, 2010]. This allowed better constraints to be sét
on the model’s free parameter and put a special emphasi®
on the correct replication of the spectral distribution of th(%1
irradiance.

Thus the main result of this work is a reconstrug@,
tion of solar total and spectral irradiance over a broags
range between 115 nm and 160 pm since 1610. Thise
fully covers the range of interest for the state-of-the-artr
climate models. The data set is available online fromies
http://www.mps.mpg.de/projects/sun-climate/data.html.7

710

Acknowledgments. The composite Lyman o time series
was retrieved from the LASP ftp server (laspftp.colorado.edujiz
This work was supported by the Deutsche Forschungsgemein:s
schaft, DFG project number SO 711/1-2 and by the WCU grants

KRIVOVA ET AL.: SOLAR SPECTRAL IRRADIANCE SINCE 1610

No. R31-10016 funded by the Korean Ministry of Education,
Science and Technology. We thank the International Space Sci-
ence Institute (Bern) for hosting the meetings of the international
team on “Interpretation and modelling of SSI measurements”.
L.E.A.V. acknowledges support by the European Commission’s
Seventh Framework Programme (FP7/2007-2013; grant number
218816).

References

Arge, C. N., E. Hildner, V. J. Pizzo, and J. W. Harvey (2002),
Two solar cycles of nonincreasing magnetic flux, J. Geophys.
Res., 107 (A10), doi:10.1029/2001JA000503.

Balmaceda, L., N. A. Krivova, and S. K. Solanki (2007), Recon-
struction of solar irradiance using the Group sunspot number,
Adv. Space Res., 40, 986—-989.

Balmaceda, L. A., S. K. Solanki, N. A. Krivova, and S. Fos-
ter (2009), A homogeneous sunspot areas database covering
more than 130 years, J. Geophys. Res., 114(A07104), doi:
10.1029/2009J A014299.

Brandt, P. N.,;, W. Schmidt, and M. Steinegger (1990), On the
umbra-penumbra area ratio of sunspots, Solar Phys., 129, 191—
194.

Charbonneau, P. (1995), Genetic Algorithms in Astronomy and
Astrophysics, Astrophys. J. Suppl. Ser., 101, 309-334.

Cranmer, S. R. (2002), Coronal Holes and the High-Speed Solar
Wind, Sp. Sci. Rev., 101, 229-294.

Crouch, A. D., P. Charbonneau, G. Beaubien, and D. Paquin-
Ricard (2008), A model for the total solar irradiance based
on active region decay, Astrophys. J., 677, 723-741, doi:
10.1086/527433.

Eddy, J. A. (1976), The Maunder minimum, Science, 192, 1189—
1202.

Fligge, M., and S. K. Solanki (2000), The solar spectral irradiance
since 1700, Geophys. Res. Lett., 27, 2157-2160.

Floyd, L., G. Rottman, M. DeLand, and J. Pap (2003), 11 years
of solar UV irradiance measurements from UARS, ESA SP,
535, 195-203.

Foster, S. (2004), Reconstruction of solar irradiance variations for
use in studies of global climate change: Application of recent
SOHO observations with historic data from the Greenwich ob-
servatory, Ph.D. thesis, University of Southhampton, School
of Physics and Astronomy.

Frohlich, C. (2005), Solar irradiance variability since 1978, Mem.
Soc. Astron. It., 76, 7T31-734.

Frohlich, C. (2006), Solar irradiance variability since 1978: Revi-
sion of the PMOD composite during solar cycle 21, Space Sci.
Rev., 125, 53-65.

Frohlich, C. (2008), Total solar irradiance variability: What have
we learned about its variability from the record of the last three
solar cycles?, in Climate and Weather of the Sun-Earth System
(CAWSES): Selected Papers from the 2007 Kyoto Symposium,
edited by T. Tsuda et al., pp. 217230, Setagaya-ku, Tokyo,
Japan: Terra Publishing.

Frohlich, C. (2009), Evidence of a long-term trend in total solar
irradiance, Astron. Astrophys., 501, L27-130.

Hagenaar, H. J. (2001), Ephemeral regions on a sequence of full-
disk Michelson Doppler Imager magnetograms, Astrophys. J.,
555, 448-461.

Haigh, J. D. (1994), The role of stratospheric ozone in modulating
the solar radiative forcing of climate, Nature, 370, 544—546.
Haigh, J. D. (2001), Climate variability and the influence of the

Sun, Science, 294, 2109-2111.

Haigh, J. D. (2007), The Sun and the
Earth’s climate, Liv. Rev. Sol. Phys.,
hitp://solarphysics.livingreviews. org/Articles/lrsp-2007-2/.

Hansen, J. E. (2000), The Sun’s role in long-term climate change,
Sp. Sci. Rev., 94, 349-356.

Harder, J. W., J. M. Fontenla, P. Pilewskie, E. C. Richard, and
T. N. Woods (2009), Trends in solar spectral irradiance vari-
ability in the visible and infrared, Geophys. Res. Lett., 36,
doi:10.1029,/2008 GL036797.

Harvey, K. L. (1992), The cyclic behavior of solar activity, in
ASP Conf. Ser. 27: The Solar Cycle, pp. 335-367.

Harvey, K. L. (1993), Magnetic dipoles on the Sun, Ph.D. thesis,
Univ. Utrecht.



715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793

KRIVOVA ET AL.: SOLAR SPECTRAL IRRADIANCE SINCE 1610

Harvey, K. L. (1994), The solar magnetic cycle, in Solar Surface
Magnetism, edited by R. J. Rutten and C. J. Schrijver, p. 34795
Dordrecht: Kluwer. 796

Hoyt, D. V., and K. H. Schatten (1993), A discussion of plausible
solar irradiance variations, 1700-1992, J. Geophys. Res., 98,
18,895-18,906.

Ikhsanov, R. N.; and V. G. Ivanov (1999), Properties of space
and time distribution of solar coronal holes, Solar Phys., 188,
245-258. 797

Krivova, N. A.; and S. K. Solanki (2004), Effect of spatial resoluss
tion on estimating the Sun’s magnetic flux, Astron. Astrophyse
417, 1125-1132. 800

Krivova, N. A.; S. K. Solanki, M. Fligge, and Y. C. Unruh (2003),
Reconstruction of solar total and spectral irradiance variations
in cycle 23: is solar surface magnetism the cause?, Astron. As-
trophys., 399, L1-14.

Krivova, N. A.; S. K. Solanki, and L. Floyd (2006), Reconstruc-
tion of solar UV irradiance in cycle 23, Astron. Astrophys$®
452, 631-639. 802

Krivova, N. A.; L. Balmaceda, and S. K. Solanki (2007), Recos
struction of solar total irradiance since 1700 from the surface
magnetic flux, Astron. Astrophys., 467, 335—346.

Krivova, N. A., S. K. Solanki, T. Wenzler, and B. Podlipnik
(2009a), Reconstruction of solar UV irradiance since 1974, J.
Geophys. Res., 114(D00104), doi:10.1029/2009JD012375.

Krivova, N. A., S. K. Solanki, and T. Wenzler (2009b), ACRIM%*
gap and total solar irradiance revisited: Is there a secular trend®
between 1986 and 19967, Geophys. Res. Lett., 36(L20101), ddi%
10.1029/2009GL040707. 807

Krivova, N. A.; S. K. Solanki, and Y. C. Unruh (2010), Towards a
long-term record of solar total and spectral irradiance, J. Atm.
Sol.-Terr. Phys., in press, doi:10.1016/j.jastp.2009.11.013, doi:
10.1016/j.jastp.2009.11.013.

Kurucz, R. (1993), ATLAS9 Stellar Atmosphere Programs and 2
km/s grid., ATLASY Stellar Atmosphere Programs and 2 km}$
grid. Kurucz CD-ROM No. 13. Cambridge, Mass.: Smithsd>
nian Astrophysical Observatory, 1993., 13. 810

Kurucz, R. L. (2005), ATLAS12, SYNTHE, ATLAS9, WIDTH#!
et cetera, Mem. Soc. Astron. It. Suppl., 8, 14—24.

Langematz, U., K. Matthes, and J. L. Grenfell (2005), Solar im-
pact on climate: modeling the coupling between the middle
and the lower atmosphere, Mem. Soc. Astron. It., 76, 868—
875.

Lean, J. (2000), Evolution of the Sun’s spectral irradiance singéj
the Maunder minimum, Geophys. Res. Lett., 27, 24257242§f
doi:10.1029,/2000GL000043. o

Lean, J., G. Rottman, J. Harder, and G. Kopp (2005), SORCE
contributions to new understanding of global change and solar
variability, Solar Phys., 230, 27-53, doi:10.1007/s11207-005-
1527-2.

Lockwood, M. (2005), Solar outputs, their variations and thejy,
effects on Earth, in The Sun, Solar Analogs and the Cliz
mate, 34th ‘Saas Fee’ Advanced Course, edited by I. Riiedy,,
M. Giidel, and W. Schmutz, pp. 109-306, Springer, Berlin.

Lockwood, M., A. P. Rouillard, and I. D. Finch (2009), The
rise and fall of open solar flux during the current grand so-
lar maximum, Astrophys. J., 700, 937-944, doi:10.1088,/0004-
637X/700/2/937.

Preminger, D. G., and S. R. Walton (2005), A new model of totglg
solar irradiance based on sunspot areas, Geophys. Res. Letfy,
32, 114,109, doi:10.1029/2005GL022839. 820

Schrijver, C. J., and K. L. Harvey (1994), The photospheric mag-
netic flux budget, Solar Phys., 150, 1-18.

Solanki, S. K. (2003), Sunspots: An overview, Astron. Astroph.
Rewv., 11, 153-286.

Solanki, S. K., M. Schiissler, and M. Fligge (2000), Evolution of
the Sun’s large-scale magnetic field since the Maunder mindz1
mum, Nature, 408, 445-447. 822

Solanki, S. K., M. Schiissler, and M. Fligge (2002), Secular variass
tion of the Sun’s magnetic flux, Astron. Astrophys., 383, 706
712.

Solanki, S. K., N. A. Krivova, and T. Wenzler (2005), Irradiance
models, Adv. Space Res., 85, 376-383.

Solomon, S.,; D. Qin, M. Manning, Z. Chen, M. Marquis, K. B.
Averyt, M. Tignor, and H. L. Miller (Eds.) (2007), Climate
Change 2007: The Physical Science Basis. Contribution &P
Working Group I to the Fourth Assessment Report of the Ins
tergovernmental Panel on Climate Change, Cambridge Uniw2r
Press, Cambridge, United Kingdom and New York, NY, USAzs

X-7

Steinhilber, F., J. Beer, and C. Frohlich (2009), Total solar ir-
radiance during the Holocene, Geophys. Res. Lett., 36, doi:
10.1029/2009GL040142.

Tran, T., L. Bertello, R. K. Ulrich, and S. Evans (2005), Mag-
netic fields from SOHO MDI converted to the Mount Wilson
150 foot solar tower scale, Astrophys. J. Suppl. Ser., 156, 295—
310, doi:10.1086/426713.

Unruh, Y. C., S. K. Solanki, and M. Fligge (1999), The spectral
dependence of facular contrast and solar irradiance variations,
Astron. Astrophys., 345, 635—642.

Unruh, Y. C., N. A. Krivova, S. K. Solanki, J. W. Harder, and
G. Kopp (2008), Spectral irradiance variations: comparison
between observations and the SATIRE model on solar rota-
tion time scales, Astron. Astrophys., 486, 311-323.

Usoskin, I. G., S. K. Solanki, C. Taricco, N. Bhandari, and G. A.
Kovaltsov (2006), Long-term solar activity reconstructions: di-
rect test by cosmogenic 44 Ti in meteorites, Astron. Astrophys.,
457, L25-1.28.

Vieira, L. E. A., and S. K. Solanki (2010), Evolution of the so-
lar magnetic flux on time scales of years to millenia, Astron.
Astrophys., 509, A100, doi:10.1051/0004-6361/200913276.

Wang, Y.-M., J. L. Lean, and N. R. Sheeley (2005), Modeling the
Sun’s magnetic field and irradiance since 1713, Astrophys. J.,
625, 522-538, doi:10.1086,/429689.

Wenzler, T. (2005), Reconstruction of solar irradiance variations
in cycles 21-23 based on surface magnetic fields, Ph.D. thesis,
ETH Ziirich.

Wenzler, T., S. K. Solanki, N. A. Krivova, and C. Fréhlich (2006),
Reconstruction of solar irradiance variations in cycles 21-23
based on surface magnetic fields, Astron. Astrophys., 460, 583—
595.

Woods, T. N.;, W. K. Tobiska, G. J. Rottman, and J. R. Wor-
den (2000), Improved solar Lyman-c« irradiance modeling from
1947 through 1999 based on UARS observations, J. Geophys.
Res., 105(A12), 27,195-27,215.



830
831

832

>
o0

N. A. Krivova,
forschung, Max-Planck-Str.
many (natalie@mps.mpg.de)

KRIVOVA ET AL.:

120 : : :
a

100

80

60
40
20

Total Magn. Flux [10"Wb]

1980 1990

100

80

60

40

20

Observed TMF [10'Wb]

b b e

0 20 40 60
Modelled TMF [10"Wb]

(eg]
o

SOLAR SPECTRAL IRRADIANCE SINCE 1610

Figure 1. a: Measured (symbols) and modelled (solid
line) total magnetic flux since 1967. Each data point is an
integral over a synoptic chart of one Carrington rotation.
Different symbols are used for different data sets: KP
NSO (squares), MWO (diamonds) and WSO (triangles).
For the modelled flux, the value ¢act + 0.3Peph + Popen

is given.

b: Measured total magnetic flux vs.

mod-

elled. The solid line represents the linear regression fit
(Re = 0.93, slope is 1.06), the dashed line the expecta-
tion values, i.e. an ideal fit (with a slope of 1).
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Figure 2. a: Evolution of the modelled (yearly averages;
solid line) open magnetic flux since 1900 compared to the
reconstruction by Lockwood et al. [2009] since 1904 based
on the geomagnetic aa-index (dotted line). b: Open mag-
netic flux from Lockwood et al. [2009] vs. modelled. The
solid line represents the linear regression fit (R. = 0.86,
slope is 0.84), the dashed line the ideal fit.
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Figure 3. a: Modelled (grey dotted line) and measured
(PMOD composite, black solid line) daily total solar ir-
radiance over cycles 21-23. b: Difference between the
modelled and measured (PMOD composite) TSI. Dots
represent daily values, the solid line the values smoothed
over 1 year.
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Figure 4. a: Facular contribution to the TSI varia-
tion calculated in this work (solid line) and using KP
NSO magnetograms and continuum images [SATIRE-
S, dashed line; Wenzler et al., 2006]. Plotted are the
3-months running means of the variation around mean
values. b: Facular contribution to the TSI from the
SATIRE-S model vs. the one calculated here. The solid
line represents the linear regression fit (R. = 0.94, slope
is 0.94), the dashed line the ideal fit.
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Figure 5. a: Solar radiative flux integrated over

the wavelength range 220-240 nm (3-months running
means). The dashed line shows the SATIRE-S recon-
struction based on the solar F10.7 radio flux (before 1974)
as well as on the KP NSO and MDI magnetograms and
continuum images [Krivova et al., 2009a, 2010]. The
solid line shows the model presented here. b: Solar 220—
240 nm flux from the independent SATIRE-S reconstruc-
tion vs. the model presented here. The solid line repre-
sents the linear regression fit (R. = 0.94, slope is 0.99),
the dashed line the ideal fit.
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Figure 6. Reconstructed solar total irradiance since
1610 (thin black line).  Also shown are the 11-yr
smoothed TSI (thick solid line) and PMOD composite
of measurements since 1978 (grey dots).
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Figure 7. a: Daily reconstructed irradiance in Ly-«
(red line) since 1947. Also shown are SUSIM measure-
ments (green) and the composite (blue) of measurements
and proxy models by Woods et al. [2000]. The correla-
tion coefficients are 0.85 and 0.89 between the model and
the SUSIM data and between the model and the compos-
ite, respectively. b: Same as panel a, but for 3-months
running means.
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Figure 8. Reconstructed solar irradiance in Ly-c: daily (thin solid line) and smoothed over 11 years (thick line).
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Figure 9. Reconstructed solar irradiance in selected
spectral intervals of special interest for climate mod-
els: daily (thin lines) and smoothed over 11 years
(thick lines). a: Shumann-Runge oxygen continuum;
b: Schumann-Runge oxygen bands; c: Herzberg oxy-
gen continuum; d: Hartley-Huggins ozone bands; e: and
f: water vapour infrared bands. The exact wavelength
ranges are indicated in each panel.
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