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Main assumption. Variations in the solar irradiance are directly 
related to the evolution of surface magnetic flux

386 M. Fligge et al.: Modelling irradiance variations

Fig. 5. Variability of total solar irradiance as measured by VIRGO
during its first two years of operation. We reconstruct solar irradiance
variations over the periods marked by the solid, thick lines.

5. Results

In the following, we present reconstructions of solar total and
spectral irradiance variations over the two intervals 15 August
1996 – 15 September 1996 and 6 November 1996 – 6. January
1997. We compare them to VIRGO measurements of the total
and the spectral irradiance at 402 nm (blue), 500 nm (green) and
862 nm (red), respectively. Fig. 5 shows the complete record of
total solar irradiance variations measured during the first two
years of operation (dotted line). The two periods under consid-
eration are marked by the thick, solid line.

The magnetograms (averaged over 5 minutes and recorded
every 96 minutes in the standard observing mode of MDI) are
processed according to the schemeoutlined inSect. 2. Following
Eqs. (1) and (4) model solar irradiance variations are calculated.
We use exactly the same model configuration, i.e. atmospheric
models and free parameters Φ1, Φ2 and Φ̃3 for both time inter-
vals.

5.1. August – September 1996

We first discuss the results of our calculations for the time be-
tween 15 August and 15 September 1996, i.e. days 228 to 259
of 1996. At this time the Sun was still very close to activity
minimum, making it particularly suitable for a detailed study
of the influence of single active regions on irradiance variations
unhampered by the presence of other active regions. During
this period a faculae-dominated active region harboring a small
sunspot crossed the solar disk (see Fig. 2). The reconstructed
(solid curve) and measured (dashed curve) irradiance variations
are presented inFig. 6. The four panels show, from top to bottom,
a) total irradiance variations and spectral irradiance variations
in the b) blue, c) green and d) red color channels, respectively.

The model reconstructs the observed irradiance variations
relatively well. The measurements exhibit a clear spectral de-
pendence of the contrast showing largest RMS (root-mean-
square) variations in the blue channel and decreasing variability
for the longer wavelength bands, which are well reproduced by

Fig. 6.Measured (dashed) and modelled (solid) solar total and spectral
irradiance variations for the time between 15 August (day 228) and
11 September 1996 (day 255). The panels correspond to (from top to
bottom) a) the total irradiance, and to the spectral irradiance variations
measured in the b) blue, c) green and d) red color channels of VIRGO.
Our model is able to reconstruct irradiance variations on time-scales of
the solar rotation and clearly can reproduce the double-peaked structure
originating from the CLV of facular brightening. However, significant
deviations from the measurements remain unexplained. For compari-
son, the dotted curve shows the reconstruction due to Paper I, which
neglected the CLV of the facular contrast.

our reconstructions. Also, the calculated RMS variations of the
total irradiance are in good agreement with the measurements.

The limb brightening of faculae causes the double-peaked
shapeof the irradiance (seen in all channels).Near the solar limb,
irradiance is increased due to the enhanced facular brightness
(days 237 to 240). When the active region approaches disk cen-
ter (days 240 to 243) the solar irradiance starts to decrease due
to the vanishing facular contrast. This is further enhanced by the
increasing influence of the spot. Then, as the regionmoves to the
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from Fontenla et al. (2011)

Irradiance reconstruction = surface coverages + 
spectra of the individual components



Solar Radiation Physical Modelling (SRPM) Fontenla et al. (2011)

Naval Research Laboratory Solar Spectral Irradiance (NRLSSI) Lean et al. (1997, 2000)

COde for Solar Irradiance (COSI) Shapiro et al. (2011), Cessateur et al. (2014)

Spectral And Total Irradiance REconstructions (SATIRE) Krivova et al. (2006), Ball et al. (2012)



Modelling of the solar rotational variability



Ball et al.: Comparison between SORCE observations and the SATIRE model

Fig. 4. Irradiance lightcurves of TIM (green) and SATIRE-S integrated over 200-160,000 nm (blue) between 25 February 2003 and 1 November
2009. The upper plot shows the first half of the period and the irradiance scale covers 5.5 Wm−2 while the lower half is on a reduced irradiance
scale of 1.0 Wm−2 to highlight the differences in the quieter minimum period of 2008 and 2009. The black line shows the difference between TIM
and SATIRE-S TSI, shifted up by 1358 Wm−2 in the upper frame and by 1360.4 Wm−2 in the lower.

Fig. 3. Regression of TIM and SATIRE-S data over the period 28
February 2003 to 1 November 2009 (black) and for 21 April 2004 to
1 November 2009 (green). The single free parameter is varied until a
regression slope close to 1.00 is found for the longer period. The dot-
ted line representing a perfect fit is hidden behind the 2003-2009 black
regression line.

wavelength elements and wavelengths with more than 300 days
of glitches are identified and removed. Remaining individual el-
ements are interpolated over from dates on either side. The pro-
cess is then repeated at 5σ to capture smaller but similarly erro-
neous outliers, more easily identified now the larger ones have
been removed. These processes removes 0.6% of the 3623 time
series elements and 1.6% of the 1829 SIM wavelength elements.
Finally all outliers above or below 3σ are interpolated over, so
7.0% of the remaining dataset are interpolated over. At this stage
no smoothing of the data has occured, other than interpolation
over glitches.

SIM oversamples by 6 wavelength elements per resolution
element, so a function simulating the resolution is applied to the
spectrum. This reduces the number of spectral elements to 226.
The same window is applied to SATIRE-S with the centre wave-
length matching SIM. Binomial smoothing with a [1,2,1] filter
is then performed on each remaining SIM time series to dampen
random fluctuations.

Finally, the SATIRE-S and SIM data sets need to be put on
the same time-grid. As the SATIRE-S dataset has a lower ca-
dence it is used as a basis. SIM data are averaged over 24 hour
periods and interpolated onto the SATIRE-S time-grid over the
full seven-year period available. This, therefore, constitutes the
procedure applied to SIM and SATIRE-S for comparison (for
this paper it will be referred to as the ‘original’ dataset to differ-
entiate it from ‘detrended’ and ‘smoothed’ versions).

4. Comparison of SATIRE-S and TIM Observations
Here we compare SATIRE-S integrated over all wavelengths
(‘SATIRE-S TSI’) with TSI observations from TIM. The regres-
sion gradient of nearly 1.00 between SATIRE-S TSI and TIM
produces a correlation coefficient, r, of 0.984 and so the model is
able to explain 97% of the variability (see Fig. 3). Fig. 4 shows
the lightcurves of TIM (green) and the best fit SATIRE-S TSI
(blue). The difference, as shown in black after shifting upwards
for better visibility, is very small and has a standard deviation
of just 0.06 Wm−2. SATIRE-S recreates TSI well during ac-
tive periods as shown in the upper frame, but during the mini-
mum (lower frame, with a smaller scale), any low-level decaying
weak magnetic flux of active regions remaining from the end of
the current solar cycle are not picked up in five-minute magne-
tograms so that the small rotational variation is not well repro-
duced, e.g. from May 2008 to April 2009. Therefore, when the
period considered is reduced to cover the timeframe of SIM from
2004 the correlation coefficient drops very slightly to 0.975, as
does the regression slope, due to the removal of the strongest
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Ball et al.: Comparison between SORCE observations and the SATIRE model

Fig. 7. Lightcurves of the integrated UV region 201-300 nm for SIM (red) and SATIRE-S (blue). The top panel shows the original data, with
SATIRE-S normalised by multiplication to SIM, while the middle and bottom panels show the detrended (short-term variations) and smoothed
(long-term trends) curves. One standard deviation error bars for the long-term stability of the instrument over these integrated wavelengths is 0.016
Wm−2. The dotted line represents the solar minimum at December 2008 as in Fig. 5.

Fig. 8. As Fig. 7 but for the integrated visible region of 400-691 nm. Error bars are 0.067 Wm−2.

range. This may be due to the fact that activity is declining to the
minimum in 2008. Therefore, when spectral changes in SIM are
discussed within this paper the vast majority of gradient and flux
change occurs during this inital two-year period in the data set.

The rotational variation is already known to agree reasonably
well when considered over a period of several months (Unruh
et al. 2008) and we also find that, over the six-year period con-
sidered here, rotational variation is well reproduced, though the
magnitude is not always in agreement in particular in the IR at
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Modelling of the solar variability with COSI
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surface coverages from HMI/SDO (Yeo et al. 2013)



4 G. Cessateur et al.: Modeling the PREMOS solar irradiance data

Fig. 1. Filling factors of the facula and network (top figure), and penumbra and umbra (bottom figure) as a function of time. The filling factors are
extracted from HMI images.

Fig. 3. Top figure: comparison between irradiance at 215 nm as seen by PREMOS and as computed with the COCOSIS model. Bottom figure:
difference between the two previous sets of data.

therefore for planetary space weather (Barthelemy & Cessateur
2014).

One can also note the remarkable 27-days solar modulation over
at least six solar rotations from August 2012 to January 2013.
Since the lifetime of one active region do not exceed in most
cases 81 days, it is most likely that faculae regions responsi-
ble for an amplitude increase in August 2012 does not share

the same physical and geometric properties from the ones oc-
curring in December 2012. Our COCOSIS model does however
reproduce pretty well the amplitude variability: starting from a
single model of average faculae, we are able to reproduce any
irradiance variability caused by discrete features such as random
faculae.

There is however an interesting significant difference between

from Cessateur et al. (2014)
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Fig. 4. comparison between irradiance at 215 nm as seen by PREMOS
and as computed with the COCOSIS model with the contribution of
sunspots (in red) and without (in green) for the end of year 2012.

the PREMOS and COCOSIS data sets which occurs at the end of
November, 2011. A 13.5-day solar modulation is clearly visible
within the PREMOS data, while our COCOSIS model fails to
reproduce such modulation. A quick look to Fig. 1 shows indeed
that there is a lack of facula compared to the previous local max-
ima. Only a comparisonwith an other independent data set might
help us to understand this particular feature. The SORCE data
(Rottman 2005) have been considered for this particular time
range, but the standard deviation of the data is quite high which
prevents us from an accurate comparison. We used then the irra-
diance at 210 nm as seen by the backup channel from PREMOS.
Such channel provides one measurement per day, which is more
than enough to capture the salient feature from rotational vari-
ations. A direct comparison between COCOSIS and PREMOS
observations for both wavelengths around this particular date are
then displayed by the Fig. 5. Surprisingly, no high amplitude
could been found in the PREMOS data at 210 nm as well as for
the COCOSIS model. The 13.5-day solar modulation is however
still present, which indicates the presence of two faculae regions
with a latitude difference of about 180◦ as expected with the ob-
servations at 215 nm.

Same approach have also been performed for irradiance at 266
nm as seen by PREMOS still for the end of November 2011.
COCOCIS model and PREMOS observations are very well cor-
related alike irradiance at 210 nm. No modulation with such ex-
tensive amplitude occuring at 215 nm has been observed. This
suggest therefore that we do have different responses according
the spectral range.

The spectral dynamic is highly coherent for this spectral region
and can not allow a priori such differences especially for rota-
tional modulations (Cessateur et al. 2011). We have therefore
to consider the filter itself along with their own response to the
solar spectrum. The filter at 215 nm is a narrow one, while the
one at 210 nm is really broad as displayed by Fig. 2. It has been
known for some times that the response of the filters used within
a radiometer design could change according time (Wehrli et al.
1996). This might be the most likely explanation regarding this
sudden irradiance increase. The reason for such ephemera filter’s
broadening is however unknown so far. No sudden variations of
the satellite temperature over this period has been notified.

3.2. Irradiance at 535 nm and 607 nm

The solar variability is particularly low for the visible, less than
0.3% over the 11-year cycle. We are looking here for a variabil-

Fig. 5. Top figure: irradiance at 215 nm as seen by PREMOS (in black)
and calculated with COCOSIS (in red) for the end of year 2011. Bottom
figure: same for the irradiance at 210 nm.

ity which should be even less since the PREMOS data are only
available for less than 3 years. In order to ease the interpretation,
we have chosen to not display the full time serie available at
535 and 607 nm but only 18 months starting from January 2011.
Since the observationnal channet at 535 nm are not yet fully cor-
rected from degradation, we only use the corrected backup chan-
nel where the time resolution is less that for the operationnal
channel at 607 nm. Figure 6 then displays the direct comparison
between PREMOS and COCOSIS for both wavelenghts. The in-
trinsic variability of the solar irradiance is less than 0.1% over
18 months, with a minima occuring near July 2011 due to the
appearance of a sunspot. COCOSIS is able to reproduce quite
well the solar modulation related to the rotation. Most disagree-
ments are actually occuring for local maxima, where the am-
plitude of the PREMOS data is sensibily higher than predicted
by our model, around August and Decembre 2011 for exemple.
Diffence between observations and model for those two particu-
lar periods are of about 300 ppm and 400 ppm for irradiance at
535 nm and 607 nm respectively.

As for the irradiance at 215 nm, we can also calculate contri-
butions from each different magnetic features to the absolute
value of the irradiance at 607 nm. Contribution from faculae
and network regions are respectively 0.9% and 5.6%. Penumbra
and umbra regions contributed respectively of about 0.07%
and less than 0.002%. We can also look for the intrinsic vari-
ability for each magnetic component. For doing so, we com-
pare the flux at 607 nm obtained for each magnetic features
taken separatly and then compare to the quiet Sun, as follows
[Fi(λ, t)−FQS (λ, t)]/FQS (λ, t), where i represents either faculae,
umbra, penumbra or network. Figure 7 displays such quantity,
which finally reveals the variability for the different magnetic
features, for the last six months of 2011. Umbra and penum-
bra contributions are high correlated, and have a marked impact
on rotationnal variability especially. We note that the network

6 G. Cessateur et al.: Modeling the PREMOS solar irradiance data

Fig. 6. Top figure: irradiance at 535 nm as seen by PREMOS (in dots
black) and calculated with COCOSIS (in red). Bottom figure: irradiance
at 607 nm with the same color code.

contribution is very small and can be both negative and posi-
tive. This is explained by the fact that while the network con-
trast relative to the quiet Sun is positive at the solar limb, it gets
negative around the disk center at 607 nm. Thus, depending on
the distribution over the solar disk, the network may lead either
to the overall solar darkening or to brightening at 607 nm. We
note that such behavior of the network contrast is rather excep-
tional. The PREMOS visible and IR filter passbands are similar
to the SODISM passbands (Cessateur et al. 2014) which have
been chosen under the condition that they should contain as less
as possible spectral lines (since the main task of SODISM is
measurements of the solar diameter and spectral lines affect vis-
ible solar diameter, see Thuillier et al. 2011). Due to the rela-
tively small (although not negligible) effect of spectral lines, the
irradiance at 607 nm forms at lower levels of the solar photo-
sphere, which leads to the inversion of the contrast around the
disk center (see also the discussion at Criscuoli & Uitenbroek
2014, who performed calculations ignoring the effect of spectral
lines). . The faculae contribution is also very interesting since
it contributes mostly to increase the irradiance especially at the
end of this time series presented by Fig. 7. The faculae contri-
bution seems to be responsable by its own to the local maxima
occuring close to mid-November 2011. The amplitude provided
by COCOSIS is however not high enough to fit properly with
PREMOS observations, which an error of about 400 ppm. It
seems also be the case for the two local maximas occuring in
August 2011: while the shape of the variability are quite well re-
constructed, the amplitude of our model are not high enough. For
these two particular maximas in August 2011, we have directly
compared with the irradiance at 535 nm as presented bu the Fig.
6: our COCOSIS model does indeed reproduce the correct am-
plitude. This result could be therefore interpreted by a missing
correctionwithin the PREMOS observation at 607 nm. However,
400 ppm is the lower uncertainty estimated for the PREMOS
data at 607 nm (Cessateur et al. 2014).

Fig. 7. Top figure: irradiance at 607 nm as seen by PREMOS (in
dots black) and calculated with COCOSIS (in red). Bottom figure:
Variability from different contributions according the COCOSISmodel.

4. Conclusions
We have presented in this paper the COCOSIS model which
combines for the first time generic spectra computed with a non-
LTE code, COSI, attributed to specific magnetic features as seg-
mented with the HMI instrument onboard SDO. This model is
based on the strong assumption that variations in irradiance are
directly related to the evolution of surface magnetic flux. We are
able to reconstruct the solar spectrum starting from 210 nm to the
infrared part. For the sake of comparison, we also use PREMOS
observations of the sun at five different wavelengths (210, 215,
266, 535 and 607 nm). Our COCOSIS model are able to recon-
struct pretty well the solar modulation induced by the solar ro-
tation at 27-days and the center-to-limb variations at 13.5 days.
Since the limited lifetime of PICARD, we are not able however
to look for secular variations in solar irradiance.

We have also showed that sunspot’s contribution to UV vari-
ability are strongly limited, and therefore could be discarded
while considering retrieving the variability in the UV for Sun-
like stars with similar magnetic activity as our Sun. Our av-
erage model spectra for magnetic features seems also to work
quite well for all active regions (with different geometries and
physical properties) since we are able to reproduce very well
irradiance’s amplitude variability induced by different active re-
gions. Comparison within visible part of the spectrum is how-
ever a little bit more difficult since the variability is quite low
over three years and PREMOS observations are being less sta-



Modelling of the solar 11-year variability

W. T. Ball et al.: TSI Reconstruction, 1974–2009

Table 1. Comparison of SATIRE-SInd with TSI composites using the original time series (upper half of the table) and detrended (lower half).

Daily dataset comparison (1978–2009)
Series 1 Series 2 rc[r2

c ] Slope No. points
ACRIM SATIRE-SInd 0.879 [0.772] 0.832 5663
PMOD SATIRE-SInd 0.936 [0.875] 1.000 5663
ACRIM PMOD 0.866 [0.750] 0.830 5663

Daily dataset comparison (1984–2009)
ACRIM SATIRE-SInd 0.903 [0.815] 0.835 5150
IRMB SATIRE-SInd 0.924 [0.854] 0.978 5150
PMOD SATIRE-SInd 0.942 [0.888] 0.992 5150
ACRIM IRMB 0.924 [0.853] 0.856 5150
PMOD IRMB 0.922 [0.850] 1.013 5150
ACRIM PMOD 0.894 [0.799] 0.841 5150

Daily dataset comparison, detrended (1978–2009)
ACRIM SATIRE-SInd 0.866 [0.750] 0.986 5663
PMOD SATIRE-SInd 0.873 [0.762] 1.039 5663
ACRIM PMOD 0.830 [0.689] 0.947 5663

Daily dataset comparison, detrended (1984–2009)
ACRIM SATIRE-SInd 0.889 [0.791] 0.992 5150
IRMB SATIRE-SInd 0.940 [0.883] 1.036 5150
PMOD SATIRE-SInd 0.877 [0.769] 1.032 5150
ACRIM IRMB 0.945 [0.892] 0.957 5150
PMOD IRMB 0.911 [0.831] 0.994 5150
ACRIM PMOD 0.847 [0.718] 0.960 5150

Notes. The table is further split into two to allow a fair comparison with the shorter IRMB composite. Comparisons are made only for dates when
data in all datasets are available.

Fig. 8. Comparison of smoothed TSI composites and SATIRE-SInd, all normalised to SORCE/TIM at the minimum of December 2008. ACRIM is
in yellow, IRMB in green, PMOD in red and SATIRE-SInd in blue. Gaps in the curves are present when data gaps are larger than 27 days.

the rotational scatter in Fig. 9 between IRMB and SATIRE-SInd
during cycle 23 is much lower than with the other TSI compos-
ites though the longer-term trend during the rising phase is not
the same, especially before 1997; this entire period utilises the
DIARAD instrument on SoHO.

The high level of agreement in the detrended time series
between SATIRE-SInd and IRMB means that SATIRE-SInd is
able to recreate rotational variability to the level of uncertainty
between the TSI composites. This goes some way to explain-
ing why IRMB has a relatively good regression gradient with
SATIRE-SInd when considering the non-detrended data, despite
the large disagreement in the smoothed long-term trend shown
in Fig. 8.

The regression slopes also indicate that the rotational varia-
tion in SATIRE-SInd falls in between the TSI composites, with

ACRIM having the largest amplitude, and PMOD and IRMB
the lowest. It should be borne in mind that these results may
be affected strongly by active regions. It is well documented
(Unruh et al. 2008; Ball et al. 2011) that TSI can be overesti-
mated in SATIRE-S when large facular regions transit the edge
of the solar disk. Some of this overestimation has been improved
upon through the modification described in Sect. 4.3. It may be
the case, though, that SATIRE-SInd still overestimates rotational
varability and that is why the regression slopes suggest that
SATIRE-SInd has a higher amplitude than PMOD and IRMB.

In general, the composites and reconstruction agree well
with each other on rotational time scales. The major cause of
differences between composite datasets are likely to be produced
by the use of different data sources in cycle 23. Assuming, for the
sake of argument, that SATIRE-SInd is a good representation of
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One possible complication
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Institut fur Sonnensystemforschung, Goettingen, Germany;  Blackett Laboratory Imperial College London, United Kingdom  
 
The Solar Irradiance varies on different time scales.  The two 
most striking features in the solar irradiance records are the 
11-year solar activity and 27-day solar rotational cycles. We 
show that while the spectral profiles of the solar irradiance 
variability on the rotational and activity time-scales are 
completely different they have a common maximum. The 
position of the maximum coincides with the CN violet system, 
one of the most prominent features in the solar spectrum. 
 Most of the available datasets yield fairly similar 
amplitudes and spectral profiles of the spectral solar irradiance 
(SSI) variability on the solar rotational time-scale. On longer 
time-scales the accumulated uncertainty in the instrumental 
degradation corrections becomes larger and renders the 
interpretation of the SSI measurements rather difficult. To 
overcome this problem a number of models of solar irradiance 
variability have been created. Modern physics-based models 
attribute the variability of the solar spectrum to the imbalance 
between the contributions from dark (e.g. sunspots or pores) and 
bright (e.g. faculae or network) magnetically active features in the 
solar atmosphere. The rotation of the Sun causes the irradiance 
modulation with a 27-day period, while changes in the overall 
magnetic activity (and consequently in the surface area coverage 
of active features) lead to the 11-year activity cycle and long-term 
changes in solar irradiance.  
 To calculate the spectral profiles  of the SSI variability 
we convolved solar disk area coverages by active region, 
calculated by Ball et al. (2012) from the SOHO/MDI  full-disc 
continuum images and magnetograms, with spectra of these 
features calculated by Shapiro et al. (2010). The spectral profile 
of the SSI change between 2004 and 2008, which is a good 
representative of the SSI variability on the activity time scale, is 
plotted in Fig. 1. The highest  peak in the profile is the CN violet 
system, the peak at 430 nm is the CH G-band. To estimate the 
contribution from molecular lines we also calculated the spectra 
artificially putting the molecular opacity to zero. Such an 
elimination of the molecular lines significantly reduces the SSI 
variability in the visible part of the spectrum and reduces TSI 
variability by approximately 25%. Hence quarter of the TSI 
variability on the activity time scale is coming from the molecular 
lines. Fig. 2 presents the spectral profiles of the SSI variability on 
the rotational time scale. While the CN violet system is still the 
highest peak of the profile  the overall contribution of the 
molecular lines is substantially smaller.  
 Interestingly the elimination of the atomic lines would  
completely reshape the spectral profile of the SSI variability and 
lead to the 11-year TSI variability anti-correlated with solar 
activity. Thus solar irradiance variability is almost exclusively 
defined by the behaviour of the spectral lines  and has very little 
connection with the continuous spectrum. !
References:! Ball,!W.!T.,!Unruh,!Y.!C.,!Krivova,!N.!A.,!Solanki,!S.,!Wenzler,!

T.,!Mortlock,!D.!J.,!and!Jaffe,!A.!H.,!Astron.!Astrophys.,!541,!
A27 
Ermolli! I.,! et! al.,! Atmos.! Chem.! Phys.,! 13,! 3945–3977,!
2013,!doi:10.5194/acpT13T3945T2013,!2013.  

Shapiro,!A.!I.,!Schmutz,!W.,!Schoell,!M.,!Haberreiter,!M.,!&!
Rozanov,!E.!2010,!A&A,!517,!A48!
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Fig. 1. Absolute change between annual SSI values in 2004 and 
2008 calculated taking molecular lines into account (blue curve) 
and ignoring them (red curve) vs. wavelengths.

Fig. 2. The RMS values of the SSI variability on the rotational 
time scale calculated for 1999-2010 period taking molecular lines 
into account (blue curve) and ignoring them (red curve) vs. 
wavelengths.  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amplitudes and spectral profiles of the spectral solar irradiance 
(SSI) variability on the solar rotational time-scale. On longer 
time-scales the accumulated uncertainty in the instrumental 
degradation corrections becomes larger and renders the 
interpretation of the SSI measurements rather difficult. To 
overcome this problem a number of models of solar irradiance 
variability have been created. Modern physics-based models 
attribute the variability of the solar spectrum to the imbalance 
between the contributions from dark (e.g. sunspots or pores) and 
bright (e.g. faculae or network) magnetically active features in the 
solar atmosphere. The rotation of the Sun causes the irradiance 
modulation with a 27-day period, while changes in the overall 
magnetic activity (and consequently in the surface area coverage 
of active features) lead to the 11-year activity cycle and long-term 
changes in solar irradiance.  
 To calculate the spectral profiles  of the SSI variability 
we convolved solar disk area coverages by active region, 
calculated by Ball et al. (2012) from the SOHO/MDI  full-disc 
continuum images and magnetograms, with spectra of these 
features calculated by Shapiro et al. (2010). The spectral profile 
of the SSI change between 2004 and 2008, which is a good 
representative of the SSI variability on the activity time scale, is 
plotted in Fig. 1. The highest  peak in the profile is the CN violet 
system, the peak at 430 nm is the CH G-band. To estimate the 
contribution from molecular lines we also calculated the spectra 
artificially putting the molecular opacity to zero. Such an 
elimination of the molecular lines significantly reduces the SSI 
variability in the visible part of the spectrum and reduces TSI 
variability by approximately 25%. Hence quarter of the TSI 
variability on the activity time scale is coming from the molecular 
lines. Fig. 2 presents the spectral profiles of the SSI variability on 
the rotational time scale. While the CN violet system is still the 
highest peak of the profile  the overall contribution of the 
molecular lines is substantially smaller.  
 Interestingly the elimination of the atomic lines would  
completely reshape the spectral profile of the SSI variability and 
lead to the 11-year TSI variability anti-correlated with solar 
activity. Thus solar irradiance variability is almost exclusively 
defined by the behaviour of the spectral lines  and has very little 
connection with the continuous spectrum. !
References:! Ball,!W.!T.,!Unruh,!Y.!C.,!Krivova,!N.!A.,!Solanki,!S.,!Wenzler,!

T.,!Mortlock,!D.!J.,!and!Jaffe,!A.!H.,!Astron.!Astrophys.,!541,!
A27 
Ermolli! I.,! et! al.,! Atmos.! Chem.! Phys.,! 13,! 3945–3977,!
2013,!doi:10.5194/acpT13T3945T2013,!2013.  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Rozanov,!E.!2010,!A&A,!517,!A48!
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Fig. 1. Absolute change between annual SSI values in 2004 and 
2008 calculated taking molecular lines into account (blue curve) 
and ignoring them (red curve) vs. wavelengths.

Fig. 2. The RMS values of the SSI variability on the rotational 
time scale calculated for 1999-2010 period taking molecular lines 
into account (blue curve) and ignoring them (red curve) vs. 
wavelengths.  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variability in the UV and visible (Harder et al. 2009).  According to the SORCE data the 11-year variability in UV is 

several times higher than all recent estimates (see Fig. A1). Besides a larger amplitude of the 11-year variability in UV, the 

infrared wavelength range and the visual wavelength range is in anti-phase with the variability in Total Solar Irradiance 

(TSI) (see Fig. A2).  

 
Figure A2. Figure adapted from Ermolli et al. (2012). Relative contribution of the UV (200-400 nm), visible (400-700 nm), 

near-IR (700-1000 nm) and IR (1000-2430 nm) ranges to the TSI change over the solar cycle as derived from measure-

ments and models. For SORCE/SIM, only the period between 2004 and 2008 is considered. For other data and models, the 

plotted relative differences are between solar maximum and minimum. Within each wavelength bin, from left to right: WR-

2002 (light green, only in UV; Woods and Rottman, 2002), UARS/SUSIM (green, only in UV; Morrill et al., 2011), 

NRLSSI (black), SATIRE-S (blue), COSI (purple), OAR (light blue), SCIAMACHY (brown), SORCE (red), and SORCE 

re-analysis (orange, only in UV; Woods, 2012). The exact wavelength ranges used for SUSIM and SCIAMACHY in the 

UV are 150–400 nm and 240–400 nm, respectively. The possible related corrections are, however, expected to lie within 

2–3 %. Note that for the SCIAMACHY-based model, the original values listed by Pagaran et al. (2009) are shown. As 

discussed by Krivova and Solanki (2012), these values should most likely be corrected by a factor of roughly 1.2. The 

horizontal line at the 400-700 nm column (added to the original Ermolli et al. 2012 graph) corresponds to the extrapolation 

of the SPM/VIRGO measurements (Wehrli et al., 2013). 

 

One of the proposed mechanisms for explaining the large UV variability observed by SORCE is the evolution of the non-

active solar components, which contribute to the 11-year variability, without affecting rotational solar variability (Fontenla 

2012). Such changes might also contribute to the long-term solar variability (i.e. variability on a centennial time scale). 

Wehrli et al. (2013) analyzed SPM/VIRGO measurements for the period from January 2002 to March 2012. They showed 

that the measurements in the green channel (500 nm) indicate a robust positive correlation between SSI and solar activity, 

with an amplitude that exceeds considerably the theoretical expectations. The measurements in blue (402 nm) and red 

(862 nm) channels point to an anticorrelation (although direct correlation cannot be statistically excluded). For illustration 

purposes we marked on Fig. A2 the level of 400-700 nm variability which is obtained by assuming that the relative vari-

ability of the 400-700 nm interval is equal to the relative variability yielded by the green (500 nm) SPM/VIRGO channel. 

In reality the SSI variability depends on the wavelength so the proper extrapolation of the SPM/VIRGO result to broader 

spectral interval can only be made with a physical model, which we will develop during FUPSOL-II. 

The strong variability in UV and visible has a significant effect on climate simulations. Haigh et al. (2010) showed that the 

from Ermolli et al. (2013)
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Fig. 8. Solar UV irradiance between 220 and 240 nm calculated
with NRLSSI (black), SATIRE-S (blue) and COSI (magenta), and
measured with UARS/SUSIM (darker green), UARS/SOLSTICE
(light green), SORCE/SOLSTICE (orange) and SORCE/SIM (red).
The pale green shading in the upper panel marks the period when
the sensitivity of the UARS/SUSIM instrument (and thus the flux)
changed, so that a shift was applied to the data before that (see
Krivova et al., 2006, 2009 for details). Top panel shows 3-month
smoothed values over the period 1993–2009, while the bottom panel
is limited to the period when SORCE was in operation, i.e. after
2003, and shows daily values, except for the COSI model, for which
only yearly averages are available. All quantities are normalised to
the corresponding mean values during the last activity minimum
(2009).

magnetograms and continuum images. So far, ground-based
KP/NSO (Kitt Peak National Solar Observatory; 1974–2003)
and space-based SOHO/MDI (Michelson Doppler Interfer-
ometer; 1996–2010) and SDO/HMI (Helioseismic and Mag-
netic Imager; since 2010) data have been employed. The fol-
lowing model atmospheres are used: the quiet Sun model by
Kurucz (1991) with an effective temperature of 5777K, sim-
ilar but cooler model atmospheres for umbra and penumbra,
and model P of Fontenla et al. (1999) slightly modified by
Unruh et al. (1999) to achieve better agreement with obser-

vations in the visible and near-UV. Since the ATLAS9 code
uses the LTE approximation, which is known to fail in the
UV, fluxes below 270 nm are re-scaled using UARS/SUSIM
observations (Krivova et al., 2006).
The SATIRE-S modelled variability was found to be

in very good agreement, on both rotational and cyclic
timescales, with the PMOD TSI composite (Wenzler et al.,
2009; Ball et al., 2012), SORCE/TIM TSI measurements
(Ball et al., 2011, 2012), UARS/SUSIM spectral irradiance
(Krivova et al., 2006, 2009; Unruh et al., 2012), as well as
with UARS/SUSIM and UARS/SOLSTICE Ly-↵ measure-
ments (Figs. 2 and 8). On rotational times scales, good agree-
ment is also found between the SSI provided by SATIRE-
S and the SORCE/SIM and SORCE/SOLSTICE measure-
ments (Unruh et al., 2008, 2012; Ball et al., 2011, see
also bottom panel in Fig. 8) and between SATIRE-S and
SOHO/VIRGO observations in three spectral channels in the
near-UV, visible, and near-IR (Krivova et al., 2003). Due to
strong sensitivity trends, VIRGO spectral data could not be
used on longer timescales. On time scales longer than a few
months, the SATIRE-S trends, however, diverge significantly
from those shown by SORCE/SIM and SORCE/SOLSTICE:
the change in the UV is significantly weaker in SATIRE-S,
and the inverse solar cycle change in the visible is not repro-
duced (Figs. 7 and 8; Ball et al., 2011; Unruh et al., 2012).
Interestingly, Ball et al. (2011) have shown that when inte-
grated over the spectral range of SIM (200–1630 nm) and
corrected for the missing UV and IR wavelengths, SATIRE-
S still reproduces over 94% of TSI fluctuations measured
by SORCE/TIM. The trends of smoothed data agree to over
99%. At the same time, wavelength-integrated SORCE/SIM
data show different trends (only about 60% of the TIM
changes are reproduced over the SORCE/SIM life time),
though the uncertainties in the integrated SORCE/SIM data
are quite large (see Ball et al., 2011).

3.2.3 SRPM

The Solar Radiation Physical Modelling4 (SRPM) is a set of
tools used to construct semi-empirical models of the solar at-
mosphere and to derive solar radiance (or emitted intensity)
and high-resolution irradiance spectra of the Sun. SRPM
covers all levels of the solar atmosphere from the photo-
sphere to the corona and takes, for most species, NLTE con-
ditions into account. The calculations include a large num-
ber of atomic levels and lines, as well as molecular lines
and molecular photo-dissociation opacities. Seven compo-
nents have been used in SRPM, until recently, correspond-
ing to different features that can be identified on the Sun at
a medium-resolution of ⇡ 2 arcsec: quiet-Sun inter-network,
quiet-Sun network lane, enhanced network, plage (that is
not facula), facula (i.e. very bright plage), sunspot umbra
and sunspot penumbra. The atmospheric models adopted for

4http://www.digidyna.com/Results2010/

www.atmos-chem-phys.net/13/3945/2013/ Atmos. Chem. Phys., 13, 3945–3977, 2013

from Ermolli et al. (2013)
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Fig. 8. Solar UV irradiance between 220 and 240 nm calculated
with NRLSSI (black), SATIRE-S (blue) and COSI (magenta), and
measured with UARS/SUSIM (darker green), UARS/SOLSTICE
(light green), SORCE/SOLSTICE (orange) and SORCE/SIM (red).
The pale green shading in the upper panel marks the period when
the sensitivity of the UARS/SUSIM instrument (and thus the flux)
changed, so that a shift was applied to the data before that (see
Krivova et al., 2006, 2009 for details). Top panel shows 3-month
smoothed values over the period 1993–2009, while the bottom panel
is limited to the period when SORCE was in operation, i.e. after
2003, and shows daily values, except for the COSI model, for which
only yearly averages are available. All quantities are normalised to
the corresponding mean values during the last activity minimum
(2009).

magnetograms and continuum images. So far, ground-based
KP/NSO (Kitt Peak National Solar Observatory; 1974–2003)
and space-based SOHO/MDI (Michelson Doppler Interfer-
ometer; 1996–2010) and SDO/HMI (Helioseismic and Mag-
netic Imager; since 2010) data have been employed. The fol-
lowing model atmospheres are used: the quiet Sun model by
Kurucz (1991) with an effective temperature of 5777K, sim-
ilar but cooler model atmospheres for umbra and penumbra,
and model P of Fontenla et al. (1999) slightly modified by
Unruh et al. (1999) to achieve better agreement with obser-

vations in the visible and near-UV. Since the ATLAS9 code
uses the LTE approximation, which is known to fail in the
UV, fluxes below 270 nm are re-scaled using UARS/SUSIM
observations (Krivova et al., 2006).
The SATIRE-S modelled variability was found to be

in very good agreement, on both rotational and cyclic
timescales, with the PMOD TSI composite (Wenzler et al.,
2009; Ball et al., 2012), SORCE/TIM TSI measurements
(Ball et al., 2011, 2012), UARS/SUSIM spectral irradiance
(Krivova et al., 2006, 2009; Unruh et al., 2012), as well as
with UARS/SUSIM and UARS/SOLSTICE Ly-↵ measure-
ments (Figs. 2 and 8). On rotational times scales, good agree-
ment is also found between the SSI provided by SATIRE-
S and the SORCE/SIM and SORCE/SOLSTICE measure-
ments (Unruh et al., 2008, 2012; Ball et al., 2011, see
also bottom panel in Fig. 8) and between SATIRE-S and
SOHO/VIRGO observations in three spectral channels in the
near-UV, visible, and near-IR (Krivova et al., 2003). Due to
strong sensitivity trends, VIRGO spectral data could not be
used on longer timescales. On time scales longer than a few
months, the SATIRE-S trends, however, diverge significantly
from those shown by SORCE/SIM and SORCE/SOLSTICE:
the change in the UV is significantly weaker in SATIRE-S,
and the inverse solar cycle change in the visible is not repro-
duced (Figs. 7 and 8; Ball et al., 2011; Unruh et al., 2012).
Interestingly, Ball et al. (2011) have shown that when inte-
grated over the spectral range of SIM (200–1630 nm) and
corrected for the missing UV and IR wavelengths, SATIRE-
S still reproduces over 94% of TSI fluctuations measured
by SORCE/TIM. The trends of smoothed data agree to over
99%. At the same time, wavelength-integrated SORCE/SIM
data show different trends (only about 60% of the TIM
changes are reproduced over the SORCE/SIM life time),
though the uncertainties in the integrated SORCE/SIM data
are quite large (see Ball et al., 2011).

3.2.3 SRPM

The Solar Radiation Physical Modelling4 (SRPM) is a set of
tools used to construct semi-empirical models of the solar at-
mosphere and to derive solar radiance (or emitted intensity)
and high-resolution irradiance spectra of the Sun. SRPM
covers all levels of the solar atmosphere from the photo-
sphere to the corona and takes, for most species, NLTE con-
ditions into account. The calculations include a large num-
ber of atomic levels and lines, as well as molecular lines
and molecular photo-dissociation opacities. Seven compo-
nents have been used in SRPM, until recently, correspond-
ing to different features that can be identified on the Sun at
a medium-resolution of ⇡ 2 arcsec: quiet-Sun inter-network,
quiet-Sun network lane, enhanced network, plage (that is
not facula), facula (i.e. very bright plage), sunspot umbra
and sunspot penumbra. The atmospheric models adopted for

4http://www.digidyna.com/Results2010/

www.atmos-chem-phys.net/13/3945/2013/ Atmos. Chem. Phys., 13, 3945–3977, 2013

from Ermolli et al. (2013)
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Figure 10
Various total solar irradiance (TSI) reconstructions since 1600 identified in the plot. The dark blue vertical
bar shows the possible range of the TSI change following Schrijver et al. (2011; no reconstruction available).
Other vertical bars denote uncertainties of the models, plotted in same colors. Note that the uncertainty in
the Shapiro et al. (2011) model, ±3 W m−2, extends downward outside the plot, and the blue horizontal bar
and arrow mark the reduced value of this model as argued by Judge et al. (2012). The black dotted line shows
the TSI value representing solar minimum conditions following Solar Radiation and Climate Experiment
(SORCE)/Total Irradiance Monitor (TIM) measurements.

The first estimates of the change in TSI since the Maunder minimum, mainly derived from
solar-stellar comparisons, ranged from 2 to 16 W m−2 (Lean, Skumanich & White 1992; Mendoza
1997; Zhang et al. 1994). They were indirect and based on a number of assumptions that were
later found to be spurious (e.g., Hall et al. 2009, Hall & Lockwood 2004, Wright 2004). Judge
et al. (2012) argue that current stellar data do not yet allow an assessment of the secular change in
the solar brightness, and longer stellar observations are required.

Various empirical reconstructions produced in the 2000s give values between 1.5 and 2.1 W m−2

(e.g., Foster 2004, Lockwood 2005, Mordvinov et al. 2004). Lockwood & Stamper (1999) were
the first to apply a linear relationship between the open magnetic flux and the TSI derived from
the data obtained over the satellite period. Later, such a linear relationship was also employed by
Steinhilber, Beer & Fröhlich (2009) to reconstruct TSI from the 10Be data. This reconstruction
covers the whole Holocene and is discussed in Section 3.3, where we also consider the validity
of the linear relationship. Their reconstruction for the period after 1610 is shown in Figure 10
together with a number of other recent reconstructions. The derived TSI increase since 1710 is
0.9 ± 0.4 W m−2. Note that due to the uncertainties in the TSI levels during the last three activity
minima (see Sections 2.1 and 2.3) used to construct the linear relationship, the uncertainty of this
model is also relatively high.

Models that are more physics-based were employed by Wang, Lean & Sheeley (2005), Krivova,
Balmaceda & Solanki (2007) and Krivova, Vieira & Solanki (2010). Wang, Lean & Sheeley (2005)
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Various total solar irradiance (TSI) reconstructions since 1600 identified in the plot. The dark blue vertical
bar shows the possible range of the TSI change following Schrijver et al. (2011; no reconstruction available).
Other vertical bars denote uncertainties of the models, plotted in same colors. Note that the uncertainty in
the Shapiro et al. (2011) model, ±3 W m−2, extends downward outside the plot, and the blue horizontal bar
and arrow mark the reduced value of this model as argued by Judge et al. (2012). The black dotted line shows
the TSI value representing solar minimum conditions following Solar Radiation and Climate Experiment
(SORCE)/Total Irradiance Monitor (TIM) measurements.

The first estimates of the change in TSI since the Maunder minimum, mainly derived from
solar-stellar comparisons, ranged from 2 to 16 W m−2 (Lean, Skumanich & White 1992; Mendoza
1997; Zhang et al. 1994). They were indirect and based on a number of assumptions that were
later found to be spurious (e.g., Hall et al. 2009, Hall & Lockwood 2004, Wright 2004). Judge
et al. (2012) argue that current stellar data do not yet allow an assessment of the secular change in
the solar brightness, and longer stellar observations are required.

Various empirical reconstructions produced in the 2000s give values between 1.5 and 2.1 W m−2

(e.g., Foster 2004, Lockwood 2005, Mordvinov et al. 2004). Lockwood & Stamper (1999) were
the first to apply a linear relationship between the open magnetic flux and the TSI derived from
the data obtained over the satellite period. Later, such a linear relationship was also employed by
Steinhilber, Beer & Fröhlich (2009) to reconstruct TSI from the 10Be data. This reconstruction
covers the whole Holocene and is discussed in Section 3.3, where we also consider the validity
of the linear relationship. Their reconstruction for the period after 1610 is shown in Figure 10
together with a number of other recent reconstructions. The derived TSI increase since 1710 is
0.9 ± 0.4 W m−2. Note that due to the uncertainties in the TSI levels during the last three activity
minima (see Sections 2.1 and 2.3) used to construct the linear relationship, the uncertainty of this
model is also relatively high.

Models that are more physics-based were employed by Wang, Lean & Sheeley (2005), Krivova,
Balmaceda & Solanki (2007) and Krivova, Vieira & Solanki (2010). Wang, Lean & Sheeley (2005)
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Solar magnetism

from Stenflo et al. (2008)
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Figure 5. Illustration of the fractal-like pattern of magnetic fields on the quiet Sun. The rect-
angular area covered by the left map (from Kitt Peak) is about 15% of the area of the solar disk,
while the map to the right (from the Swedish La Palma telescope) covers an area that is 100 times
smaller. Bright and dark areas correspond to magnetic flux of positive and negative polarities,
separated by grey voids of seemingly no flux. Analysis of Hanle-effect observations at IRSOL
(Istituto Solari Locarno) of atomic and molecular lines have shown that these grey regions are
actually no voids at all, but are teeming with turbulent magnetic fields.

4. Outlook

Synoptic programs are indispensible for learning about the global properties of the
Sun. The program of daily magnetograms pioneered at Mount Wilson and extended
at Kitt Peak has given us a unique dataset that now spans several solar cycles. From
this we have learnt how the global evolution of the magnetic field pattern exhibits
remarkable symmetries that constrain the nature of the dynamo. A new, significantly
extended synoptic program, SOLIS, is now being implemented by the National Solar
Observatory (USA), which will add a number of new aspects to the continued dataset,
in particular vector magnetic field maps. A very important complement to the syn-
optic magnetic data comes from the MDI instrument on SOHO, which has provided
us with the best-quality sequence of full-disk magnetograms for more than a solar
cycle now.

Observations with improved angular resolution in combination with indirect diag-
nostics have shown that the magnetic structuring extends from the global scales towards
the diffusion scales far below the telescope resolution. There is a remarkable degree of
self-similarity over the various scales, indicating a fractal-like nature. A key to physi-
cal understanding may lie in the scales we are just beginning to resolve (the dimensions
of the photon mean free path and the pressure scale height). The diagnostic methods
to explore the unresolved scales are being extended, in particular through applications
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to explore the unresolved scales are being extended, in particular through applications

Kitt Peak

15 % of the solar disk



from field intensities as low as 1 milligauss to many thou-
sands of gauss. The second part of the article shows some
recent applications in solar physics with emphasis on the
hidden magnetic fields of the photosphere, chromosphere
and corona.

2. GENERATION OF POLARIZED RADIATION

It is suitable to begin by recalling that the state of polar-
ization of a quasi-monochromatic beam of electromag-
netic radiation can be conveniently characterized in terms
of four quantities that can be measured by furnishing our
telescopes with a polarimeter. Such observables are the
four Stokes parameters (I, Q, U, V ), which were formu-
lated by Sir George Stokes in 1852 and introduced into
astrophysics by the Nobel laureate Subrahmanyan Chan-
drasekhar in 1946. The Stokes I(λ) profile represents
the intensity as a function of wavelength, Stokes Q(λ)
the intensity difference between vertical and horizontal
linear polarization, Stokes U(λ) the intensity difference
between linear polarization at +45◦ and −45◦, while
Stokes V (λ) the intensity difference between right- and
left-handed circular polarization (cf. Born &Wolf 1994).
Note that the definition of the StokesQ andU parameters
requires first choosing a reference direction for Q > 0 in
the plane perpendicular to the direction of propagation.

Let us now review the most important mechanisms that
induce (and modify) polarization signatures in the spec-
tral lines that originate in stellar atmospheres: the Zee-
man and Paschen-Back effects, scattering processes and
the Hanle effect.

2.1. The Zeeman effect

As illustrated in Figure 1, the Zeeman effect requires the
presence of a magnetic field which causes the atomic
and molecular energy levels to split into different mag-
netic sublevels characterized by their magnetic quantum
numberM (Condon & Shortley 1935). Each level of to-
tal angular momentum J splits into (2J + 1) sublevels,
the splitting being proportional to the level’s Landé fac-
tor, gJ , and to the magnetic field strength. As a re-
sult, a spectral line between a lower level with (Jl, gl)
and an upper level with (Ju, gu) is composed of several
individual components whose frequencies are given by

νJuMu
JlMl

= ν0 + νL(guMu − glMl), where ν0 is the fre-
quency of the line in the absence of magnetic fields and
νL = 1.3996×106B is the Larmor frequency (with B
the magnetic field strength expressed in gauss). In par-
ticular, a line transition with Jl = 0 and Ju = 1 has
three components (see Fig. 1): one π component cen-
tered at ν0 (or at λ0), one σred component centered at
ν0 − guνL (or at λ0 + gu∆λB), and one σblue compo-
nent centered at ν0 + guνL (or at λ0 − gu∆λB), where
∆λB = 4.6686×10−13λ2

0B (with λ0 in Å and B in
gauss).

The important point to remember is that the polarization
signals produced by the Zeeman effect are caused by the
wavelength shifts between the π (∆M = Mu −Ml = 0)
and σb,r (∆M = ±1) transitions. Such wavelength shifts
are also the physical origin of the spectral line polariza-
tion induced by the Paschen-Back effect discussed below
in Section 2.5, since the only difference with respect to
the linear Zeeman effect theory considered here lies in
the calculation of the positions and strengths of the vari-
ous π and σ components.

Figure 1. The oscillator model for the Zeeman effect indi-
cating the characteristic shapes of the circular and linear
polarization profiles as generated locally via the emission
process. It is important to note that the Stokes V (λ) pro-
file changes its sign for opposite orientations of the mag-
netic field vector, while the Stokes Q(λ) profile reverses
sign when the transverse field component is rotated by
±90◦.

The Zeeman effect is most sensitive in circular polar-
ization (quantified by the Stokes V parameter), with a
magnitude that for not too strong fields scales with the
ratio between the Zeeman splitting and the width of the
spectral line (which is very much larger than the natu-
ral width of the atomic levels!), and in such a way that
the emergent Stokes V (λ) profile changes its sign for op-
posite orientations of the magnetic field vector. This so-
called longitudinal Zeeman effect responds to the line-
of-sight component of the magnetic field. Accordingly, if

from Trujillo Bueno et al. (2006)
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Ball et al.: Comparison between SORCE observations and the SATIRE model

Fig. 1. A 5-min magnetogram showing |B| taken by MDI on SoHO
on 23 December 2008. Darker regions have a higher flux. Note the
dark-area in the south-west quadrant, a bias present in all MDI mag-
netograms.

these spectral forcings are considered in climate models (Haigh
et al. 2010).

Here we utilise the Spectral and Total Irradiance
REconstruction model, or SATIRE (Fligge et al. 2000;
Krivova et al. 2003), to investigate the difference between
modeled and observed solar irradiance on scales of days to
years. A previous comparison of SIM and TIM data was made
by Unruh et al. (2008) over three solar rotations. Over this
short period the model agrees well with observation especially
between 400 and 1300 nm. Here we extend this approach to a
period of 73 rotations between 21 April 2004 and 1 November
2009 during the declining phase of cycle 23 to solar minimum.
Over this longer period variability due to the solar-cycle can be
compared.

In the next section we first describe the model setup used
to make a comparison with SORCE data; the data are de-
scribed in section 3 along with the analysis and processing per-
formed. In section 4 we first compare the TSI reconstruction
with SORCE/TIM and the PMOD TSI composite while in sec-
tion 5 we turn to a spectral comparison between the model and
SORCE/SIM, first in detail in three specific spectral regions and
then for all wavelengths over 200-1630 nm. In section 6 we di-
cuss the results and present conclusions.

2. Modeling Irradiance
We model solar irradiance using the SATIRE model specifically
tailored to satellite era data. It is denoted as SATIRE-S to dis-
tinguish it from other versions of the model from hereon in;
cf. Krivova et al. (2011b). A detailed overview can be found in
Krivova et al. (2003) but here follows a brief description.

SATIRE-S assumes that all variation in solar irradiance is the
result of changes in the distribution of magnetic features on the
solar surface. Any other changes to the Sun are not modelled,
including variation in the intrinsic properties of the model com-

Fig. 2. The median filter used to remove the bias from magnetograms as
seen in Fig. 1. The filter was formed by taking the mean of 100 images
during the inactive period of 2008 and 2009 having applied a 41x41
pixel median window to each one. A scaled version of this filter is then
used to subtract the bias from all magnetograms.

ponents. If available, SoHO MDI full disk magnetograms and
continuum intensity images1 (Scherrer et al. 1995) are used to
identify four surface components which are each then assigned
with an emergent intensity spectrum. Umbra and penumbra are
identified in continuum images and faculae are identified in mag-
netograms where a significant magnetic signal is present, but no
umbral or penumbral pixels are found in the continuum image.
All remaining pixels are considered to be quiet Sun. The facular
contrast is dependent on and proportional to the field strength
of the magnetogram pixel up to a saturation point, Bsat, beyond
which the contrast is held constant. Bsat is the only free param-
eter in the model and is determined here by achieving a unity
regression gradient with the comparison data2. Both observation
and theory suggest that increasing amounts of concentrated mag-
netic flux provide diminishing returns on contrast increases and
Bsat takes this into account (Solanki & Stenflo 1985; Fligge et al.
2000; Ortiz et al. 2002; Vögler 2004).

Previous reconstructions using MDI have used level 1.5 five-
minute magnetograms (Krivova et al. 2003). Here we use recal-
ibrated daily level 1.8 averaged five one-minute magnetograms

1 http://soi.stanford.edu/
2 Regression slopes are calculated using the FITEXY routine from

Press et al. (1992)
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Helioseismic and Magnetic Imager on-board the Solar Dynamics Observatory

Yeo et al.: Intensity contrast of solar network and faculae

Fig. 3. Continuum intensity, IC versus µ (top) and hB
l

i /µ versus
µ (bottom) scatter plots of pixels counted as network and faculae
(green) from June 2, 2011. The pixels counted as sunspots and
pores by the continuum intensity threshold and the magnetic ex-
tension removal procedure (see text) are represented by the cyan
and blue dots respectively. The red dots represent network and
faculae pixels that lie above the cuto↵ hB

l

i /µ level. The dashed
lines denote the continuum intensity threshold (top) and the cut-
o↵ hB

l

i /µ level (bottom).

ing pixels above a threshold magnetogram signal level results in
the appearance of a knee in contrast versus hB

l

i /µ plots at this
threshold level regardless of the value chosen. For these reasons
we expanded sunspots and pores to include all adjoining mag-
netic signal, though this conservative approach inevitably as-
signs too many pixels, including legitimate faculae, to sunspots
and pores.

All pixels identified as magnetic, and not as sunspots and
pores or their extensions, were taken to correspond to network
and faculae. Figure 3 shows the continuum intensity versus µ
(top panel) and hB

l

i /µ versus µ (bottom panel) scatter plots of
pixels identified as network and faculae (green), and counted as
sunspots and pores by the magnetic extension removal procedure
(blue) from June 2, 2011. The pixels captured by the magnetic
extension removal procedure are not well distinguished from
network and faculae by the continuum intensity; largely hidden
by network and faculae in the continuum intensity versus µ scat-
ter plot. It is clear from the hB

l

i /µ versus µ scatter plots however
that the two classes are significantly di↵erent magnetic popula-
tions. As noted earlier, this procedure is likely too severe and
results in the exclusion of some true faculae. However, for the
purpose of this study it is not necessary to identify all faculae
present and far more important to avoid false positives.

Finally, network and facular pixels with hB
l

i /µ above a con-
servative cuto↵ level of 800 G were excluded from the sub-

Fig. 4. Continuum intensity image (top left) and magnetogram
(top right) from July 18, 2011 and the corresponding 50 ⇥
50 arcsec insets of the boxed sunspot features near disc centre
(middle panels) and limb (bottom panels). The red contours rep-
resent the continuum intensity sunspot boundary (the IC = 0.89
locus). The magnetograms have been saturated at ±80G to high-
light the extension of the magnetic signal from these sunspots
beyond the intensity boundary (see grey scale below the figure).

sequent analysis (following Ball et al. 2011, 2012). They are
mostly bright features concentrated near the limb (as illustrated
for June 2, 2011 by the red dots in Fig. 3) associated with
sunspots and pores. (The relatively high hB

l

i /µ values likely re-
flect nearly horizontal fields, for which | cos �| � µ towards the
limb.) This is to account for non-facular magnetic signals that
might have been missed by the continuum intensity threshold
and the magnetic extension removal procedure.

The classification image, indicating the positions of the pix-
els classed as sunspot and pores, and network and faculae for
another of the selected days (May 30, 2011) is shown in Fig. 5.
In spite of the severe measures taken to minimise the influence
of sunspots and pores, a fair fraction of active region faculae re-
mains. In total, 7.6⇥106 pixels were identified as corresponding

5

Secular changes in solar irradiance may be 
considerably larger than what some models 
of solar i r radiance var ia t ions have 
suggested, given the variation in the number of 
small-scale magnetic elements on the solar disc 
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SUNRISE flights
100 km resolutionNo. 2, 2010 Sunrise: INSTRUMENT, MISSION, DATA, AND FIRST RESULTS L131

(a)

(b)

Figure 1. (a) Images of a patch of the quiet Sun near the disk center recorded by the SuFI instrument in wavelength bands centered on 397 nm, 388 nm, 312 nm,
300 nm, and 214 nm (from left to right). The gray scale has been individually set to cover three times the rms range of each image. (b) Same as panel (a), but right at
the solar limb. The Ca H image (397 nm) is plotted with an enhanced brightness scale for the off-limb parts in order to reveal spicules. Owing to the low-light level,
no 214 nm data are available at this position.

smaller cells in such low-flux regions, which, however, cannot
be confirmed without an in-depth analysis. At many locations
both magnetic polarities are located in close proximity to each
other.

Ls displays a meso to supergranular scale pattern. The larger
apparent scale of this pattern (compared to that displayed by
Stokes V) may result from the fact that, on average, Ls features
have a lower signal-to-noise ratio than Stokes-V patches, so that
we are probably missing more features of the former. The spatial
distribution is also different, with the most prominent Stokes-
V elements being absent in the linear polarization signal. The
opposite is generally not the case. The more prominent patches
of linear polarization are usually associated with (weaker)
patches of Stokes V (see Danilovic et al. 2010).

Stokes-V movies, such as that displayed in Animation 2, re-
veal how dynamic the quiet-Sun magnetic field is, with the
weaker magnetic features, i.e., those in the internetwork, being
particularly dynamic. Constant appearance and disappearance
of patches of Stokes V is observed along the edges of the “meso-
granular scale” internetwork cells. As pointed out by de Wijn
et al. (2008), weaker features often disappear and reappear close

by. This could be an effect of features dropping below the noise
level by weakening and appearing again as they get more con-
centrated. However, we also expect the emergence and submer-
gence of magnetic flux to take place on timescales of minutes.
This is supported by the analysis of Ls. Strong patches of linear
polarization are found to be rather short lived and are often asso-
ciated with bipolar magnetic features suggestive of small-scale
loops (Danilovic et al. 2010). Some of these are also associated
with supersonic velocities, presumably in the form of upflows
(Borrero et al. 2010). There are also locations at which fresh flux
emerges in a complex patch of mixed polarities (e.g., Zhang et al.
1998), similar to the simulations of Cheung et al. (2008), but
on a small scale. An example in our data is given at around
(36, 18) the middle of the time series.

The Sunrise/IMaX Stokes-V movie displays qualitative sim-
ilarities to movies of the vertical magnetic field in turbulent
dynamo simulations (Vögler & Schüssler 2007), although both
the spatial and the temporal scales are quite different. However,
both display vortical motions of weak magnetic field patches
(see Bonet et al. 2010 for a study of the vortices in these data;
cf. Steiner et al. 2010). In the simulations, the mixed-polarity
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Let us look at stars…



Fig. 3.—(a) HD 1835; (b) HD 10476; (c) HD 13421; (d ) HD 18256; (e) HD 25998; ( f ) HD 35296; (g) HD 39587; (h) HD 75332; (i ) HD 76572; ( j ) HD 82885;
(k) HD 115383; (l ) HD 120136; (m) HD 124570; (n) HD 129333; (o) HD 131156; ( p) HD 143761; (q) HD 149661; (r) HD 152391; (s) HD 157856; (t) HD 158614;
(u) HD 160346; (v) HD 182572; (w) HD 190007. Chromospheric Ca iiHK emission (top), photometric program star (middle), and photometric comparison star (bottom)
time series plots for the stars of our sample having two valid comparison stars. Brightness increases upward in all cases, and the bottom panel is scaled by

ffiffiffi
2

p
so that the

statistical impact of variability is commensurate in the lower two panels.
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variability (young stars). For stars with log R0
HK there is a rela-

tively well-defined increase in the amount of photometric vari-
ability relative to the chromospheric variability. Six outliers lie
well below the rest, including the unusually active star HD 129333.
As before, the nine stars with only one usable comparison star are
plotted using inverted triangles.

Left of the Sun’s location on this diagram there is considerable
scatter, which we attribute mainly to the poorly known level of
photometric activity of these stars rather than to an astrophysi-
cally meaningful effect.

This figure, which we consider a key exhibit in the morphol-
ogy of stellar variability for the Sun and its analogs, raises an
interesting question. Is the Sun’s location, just slightly above the
dividing line, fixed for historical time or could it shift around a
bit? Certainly, during the three solar cycles of modern observa-
tion, there is nothing to suggest that spot activity could over-
take facular activity as the principal component of solar variability.
The answer, apart from whatever theoretical ruminations might
arise, lies in expanding the sample of stars and pushing down the
limits of estimated photometric variability as far as possible. The
answer, therefore, lies in the indefinite future.

4.5. Lessons Learned

In this section we discuss how our results might have been
improved hadwe known in 1984what we know today.We began
our survey of Sun-like field stars in 1984 with the new knowl-
edge that young F7YK2 stars in the Hyades vary at the easily
detected level of a few percent (Radick et al. 1983; Lockwood et al.
1984). This was a revelation, since Jerzykiewicz & Serkowski
(1966) had shown that stars in this spectral range, if they vary at
all, do so at levels below 0.5% on a decadal timescale. The Sun
itself, shown from spacecraft observations in 1980 to be a vari-
able star on a timescale of days (Willson et al. 1981), had yet to
reveal its minuscule cycle timescale 0.1% variation (Fröhlich
2003a, 2003b).

The challenge, as we perceived it in 1984, was therefore to
map out variability downward from the easily detected several-
percent range of Hyades dwarfs to whatever level our instrumen-
tation would allow. To be reasonably certain of not coming up
empty handed, we included a number of young, presumably ac-
tive stars (based on their log R0

HK values) in our sample. These
rewarded us almost immediately by showing variability.

A preliminary reconnaissance of our capabilities based on ob-
servations of planetary targets (e.g., Lockwood 1977, 1981) had

Fig. 7.—Long-term (cycle timescale) photometric variation vs. average
chromospheric activity level.

Fig. 8.—Correlation between photometric brightness and HK emission var-
iations for long timescales based on 13Y20 yr of observation. (top) and 7Y12 yr
of observation from Paper II. (bottom). Many correlations are strengthened and
none of the 32 surviving stars in the longer sample show reversal in the sense of
the correlation.

Fig. 9.—Slope of the regression of photometric brightness variation on HK
emission variation, plotted as a function of average chromospheric level.

PATTERNS OF VARIATION AMONG SUN-LIKE STARS 301No. 1, 2007
Variability as a function of activity  

from Lockwood et al. 2007



variability (young stars). For stars with log R0
HK there is a rela-

tively well-defined increase in the amount of photometric vari-
ability relative to the chromospheric variability. Six outliers lie
well below the rest, including the unusually active star HD 129333.
As before, the nine stars with only one usable comparison star are
plotted using inverted triangles.

Left of the Sun’s location on this diagram there is considerable
scatter, which we attribute mainly to the poorly known level of
photometric activity of these stars rather than to an astrophysi-
cally meaningful effect.

This figure, which we consider a key exhibit in the morphol-
ogy of stellar variability for the Sun and its analogs, raises an
interesting question. Is the Sun’s location, just slightly above the
dividing line, fixed for historical time or could it shift around a
bit? Certainly, during the three solar cycles of modern observa-
tion, there is nothing to suggest that spot activity could over-
take facular activity as the principal component of solar variability.
The answer, apart from whatever theoretical ruminations might
arise, lies in expanding the sample of stars and pushing down the
limits of estimated photometric variability as far as possible. The
answer, therefore, lies in the indefinite future.

4.5. Lessons Learned

In this section we discuss how our results might have been
improved hadwe known in 1984what we know today.We began
our survey of Sun-like field stars in 1984 with the new knowl-
edge that young F7YK2 stars in the Hyades vary at the easily
detected level of a few percent (Radick et al. 1983; Lockwood et al.
1984). This was a revelation, since Jerzykiewicz & Serkowski
(1966) had shown that stars in this spectral range, if they vary at
all, do so at levels below 0.5% on a decadal timescale. The Sun
itself, shown from spacecraft observations in 1980 to be a vari-
able star on a timescale of days (Willson et al. 1981), had yet to
reveal its minuscule cycle timescale 0.1% variation (Fröhlich
2003a, 2003b).

The challenge, as we perceived it in 1984, was therefore to
map out variability downward from the easily detected several-
percent range of Hyades dwarfs to whatever level our instrumen-
tation would allow. To be reasonably certain of not coming up
empty handed, we included a number of young, presumably ac-
tive stars (based on their log R0

HK values) in our sample. These
rewarded us almost immediately by showing variability.

A preliminary reconnaissance of our capabilities based on ob-
servations of planetary targets (e.g., Lockwood 1977, 1981) had

Fig. 7.—Long-term (cycle timescale) photometric variation vs. average
chromospheric activity level.

Fig. 8.—Correlation between photometric brightness and HK emission var-
iations for long timescales based on 13Y20 yr of observation. (top) and 7Y12 yr
of observation from Paper II. (bottom). Many correlations are strengthened and
none of the 32 surviving stars in the longer sample show reversal in the sense of
the correlation.

Fig. 9.—Slope of the regression of photometric brightness variation on HK
emission variation, plotted as a function of average chromospheric level.
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from Lockwood et al. 2007
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Fig. 11. Slope of the regression to the dependence of photometric
brightness variation on HK emission variation, plotted vs. mean chro-
mospheric activity logR′HK for stars with solar (upper panel), polar (mid-
dle panel), and homogeneous (lower panel) distributions of active re-
gions. The asterisks indicate the observed values for the stellar sample
of Lockwood et al. (2007). The diamond indicates 18 Scorpii (HD
146233) from Hall et al. (2009). The light shaded areas represent
the activity levels for which photometric variability, according to
the activity-variability regression from Lockwood et al. (2007), is
smaller than the 1σ uncertainty and thus ∆[(b + y)/2]/∆S values
cannot be reliably defined. Coloured curves are the output of our
model calculated for three values of the stellar inclination: 90◦ (red
curve), 57◦ (magenta curve), and 0◦ (blue curve), in the upper panel
for stars with solar distribution of active regions, in the middle and
lower panels for those with polar and homogeneous distributions re-
spectively. The dashed lines separate the facula-dominated (positive
∆[(b + y)/2]/∆S ) from the spot-dominated (negative ∆[(b + y)/2]/∆S )
variability. The solid vertical line on the upper panel denotes the mean
level of solar chromospheric activity. The dark shaded bands indicate
the range of the chromospheric activities for which according to our
model the stars can be observed as either faculae or as spot-dominated,
depending on the period of time over which they are observed (see text
for details).

level. This is probably caused by the limitations of our sim-
ple approach and by the uncertainties in the stellar measure-
ments.
The general success of the model in reproducing the basic

qualitative behavior of spot-dominated stars is an indication
that the photometric variability of more active stars has the
same fundamental causes as the Sun’s. Up until now physics-
based models of irradiance variability were solely applied to the
solar case. Consequently, they could only be validated and con-
strained by solar data, which represent a single point in a wide
parameter space of the possible magnetic activities, inclinations,

latitudinal distribution of active regions, etc. The approach pre-
sented in this paper allows constraining the model over a much
wider parameter space, and, thus, along with interpreting stel-
lar data, it helps to better understand the mechanisms of solar
variability.
As a next step we plan to apply an extension of this

model to study stellar variability on rotational time scales,
as observed by the COROT (Baglin et al. 2006) and Kepler
(Borucki et al. 2010) missions and in future to be measured
by the PLATO mission (Rauer et al. 2013).
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Fig. 10. Comparison of the observed and modelled photometric
variability. The modelled values of the photometric variability are
plotted vs. mean chromospheric activity for model stars with so-
lar (upper panel), polar (middle panel), and homogeneous (lower
panel) latitudinal distributions of active regions. The asterisks and
the black lines indicate stars with observed variability and the regression
from Lockwood et al. (2007). The dark (light) shaded areas indicate
estimated 1σ (2σ) uncertainty in the Lockwood et al. (2007) data.
The diamond indicates 18 Scorpii (HD 146233) from Hall et al. (2009).
Coloured curves result from our calculations for three values of the stel-
lar inclination: 90◦ (red curve), 57◦ (magenta curve), 0◦ (blue curve).
The dotted vertical lines denote the mean level of chromospheric activ-
ity of stars with unconfirmed variability (only stars with logR′HK > −5
are shown). The solid vertical line in the top panel shows the mean level
of solar chromospheric activity.

data and consequently the deviation between the Lockwood
et al. (2007) empirical regression and our model can be the
result of one or more of the following:
1. The dependences of the spot and facular disc coverage

on the S-index (Eqs. 1–2) employed in our model are rather
approximate and may also vary from star to star. This may
have a strong effect on the variability of stars around the
gap. Indeed, the variability of such stars is determined by
the balance between spot and facular contributions. A small
change of the ratio between spot and facular surface cov-
erages (as well as between spot and facular brightness con-
trasts, see point 3) may break this delicate balance and thus
strongly affect the variability of the stars around the gap (see
also Appendix B). In contrast, such a change only marginally
affects the variability of stars far from the gap.
2. Our model only accounts for the photometric variabil-

ity on the activity time scale. The measured stellar variability

may be affected by the long-term variability and short-term
variability on the time-scale of stellar rotation, which may
be not completely eliminated by the annual averaging per-
formed by Lockwood et al. (2007). Since, unlike the case of
the variability on the activity time scale, we do not expect any
compensation effect in the rotational and long-term variabil-
ities, they may significantly contribute to the total variability
around the gap (see Shapiro et al. 2013a, for a more detailed
discussion and estimations).
3. The position of the gap very likely depends on B-V

since the facular and sunspot contrasts are expected to de-
pend on the effective temperature of the star. It is possible
that while the Sun is located in the variability gap, other stars
with similar levels of magnetic activity but higher photomet-
ric variabilities are located outside of the gap.
4. The stellar variabilities may be affected by a not yet

identified physical mechanism which is not taken into ac-
count by our simple extrapolation from the Sun.

6.2. Faculae- and spot-dominated stars

One quantity which allows distinguishing easily between stars
whose photometric variability is dominated by faculae and those
with spot-dominated photometric variability is the sign of the
change in brightness with changing chromospheric activ-
ity. Lockwood et al. (1992) introduced the slope of the regres-
sion to photometric brightness vs. S-index ∆[(b + y)/2]/∆S as
a measure of faculae- or spot-dominance. The zero value of
∆[(b + y)/2]/∆S corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.
In Fig. 11 we plot ∆[(b + y)/2]/∆S values given by

Lockwood et al. (2007) and similarly computed with our
model. As in Fig. 10 the three panels differ only in the spa-
tial distribution of active regions on the stellar surface as-
sumed for the model (the observed data, asterisks, are the
same in all panels). Most of the observed stars are located
in between the synthetic curves, so our results are in good
agreement with the data of Lockwood et al. (2007). For the
spot-dominated stars our model reproduces the increase of
photometric variability relative to chromospheric variability
with increasing activity level.
Interestingly, three stars in Fig. 11 appear to be spot-

dominated despite the low level of their mean chromospheric
activity. Our simple extrapolation from the Sun cannot re-
produce such low values of the mean chromospheric ac-
tivity (one would have to adjust the value of S Q for this;
see Eq. 12), which implies that the temperature structures
of the quiet and magnetic regions of these stars are differ-
ent from the respective solar temperature structures. At the
same time these stars are located in the light grey shaded re-
gion in Fig. 11, which implies that their photometric vari-
abilities are below the uncertainty level and consequently
∆[(b + y)/2]/∆S values are quite uncertain. For example,
one of these stars, HD 14376, was also observed by Hall
et al. (2009) who found no activity-brightness correlation, in-
stead of the inverse activity-brightness correlation found by
Lockwood et al. (2007).
If observed stellar photometric brightness is affected by

a systematic trend or noise (which may be stellar and/or
instrumental in nature, see Sect. 6.1), then it will have a
stronger effect on the measured photometric variability than
on the ∆[(b + y)/2]/∆S values. This may explain why the
observed data and our model are in a better agreement in
Fig. 11 than in Fig. 10.

Spot- vs faculae- dominated regimes
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Fig. 10. Comparison of the observed and modelled photometric
variability. The modelled values of the photometric variability are
plotted vs. mean chromospheric activity for model stars with so-
lar (upper panel), polar (middle panel), and homogeneous (lower
panel) latitudinal distributions of active regions. The asterisks and
the black lines indicate stars with observed variability and the regression
from Lockwood et al. (2007). The dark (light) shaded areas indicate
estimated 1σ (2σ) uncertainty in the Lockwood et al. (2007) data.
The diamond indicates 18 Scorpii (HD 146233) from Hall et al. (2009).
Coloured curves result from our calculations for three values of the stel-
lar inclination: 90◦ (red curve), 57◦ (magenta curve), 0◦ (blue curve).
The dotted vertical lines denote the mean level of chromospheric activ-
ity of stars with unconfirmed variability (only stars with logR′HK > −5
are shown). The solid vertical line in the top panel shows the mean level
of solar chromospheric activity.

data and consequently the deviation between the Lockwood
et al. (2007) empirical regression and our model can be the
result of one or more of the following:
1. The dependences of the spot and facular disc coverage

on the S-index (Eqs. 1–2) employed in our model are rather
approximate and may also vary from star to star. This may
have a strong effect on the variability of stars around the
gap. Indeed, the variability of such stars is determined by
the balance between spot and facular contributions. A small
change of the ratio between spot and facular surface cov-
erages (as well as between spot and facular brightness con-
trasts, see point 3) may break this delicate balance and thus
strongly affect the variability of the stars around the gap (see
also Appendix B). In contrast, such a change only marginally
affects the variability of stars far from the gap.
2. Our model only accounts for the photometric variabil-

ity on the activity time scale. The measured stellar variability

may be affected by the long-term variability and short-term
variability on the time-scale of stellar rotation, which may
be not completely eliminated by the annual averaging per-
formed by Lockwood et al. (2007). Since, unlike the case of
the variability on the activity time scale, we do not expect any
compensation effect in the rotational and long-term variabil-
ities, they may significantly contribute to the total variability
around the gap (see Shapiro et al. 2013a, for a more detailed
discussion and estimations).
3. The position of the gap very likely depends on B-V

since the facular and sunspot contrasts are expected to de-
pend on the effective temperature of the star. It is possible
that while the Sun is located in the variability gap, other stars
with similar levels of magnetic activity but higher photomet-
ric variabilities are located outside of the gap.
4. The stellar variabilities may be affected by a not yet

identified physical mechanism which is not taken into ac-
count by our simple extrapolation from the Sun.

6.2. Faculae- and spot-dominated stars

One quantity which allows distinguishing easily between stars
whose photometric variability is dominated by faculae and those
with spot-dominated photometric variability is the sign of the
change in brightness with changing chromospheric activ-
ity. Lockwood et al. (1992) introduced the slope of the regres-
sion to photometric brightness vs. S-index ∆[(b + y)/2]/∆S as
a measure of faculae- or spot-dominance. The zero value of
∆[(b + y)/2]/∆S corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.
In Fig. 11 we plot ∆[(b + y)/2]/∆S values given by

Lockwood et al. (2007) and similarly computed with our
model. As in Fig. 10 the three panels differ only in the spa-
tial distribution of active regions on the stellar surface as-
sumed for the model (the observed data, asterisks, are the
same in all panels). Most of the observed stars are located
in between the synthetic curves, so our results are in good
agreement with the data of Lockwood et al. (2007). For the
spot-dominated stars our model reproduces the increase of
photometric variability relative to chromospheric variability
with increasing activity level.
Interestingly, three stars in Fig. 11 appear to be spot-

dominated despite the low level of their mean chromospheric
activity. Our simple extrapolation from the Sun cannot re-
produce such low values of the mean chromospheric ac-
tivity (one would have to adjust the value of S Q for this;
see Eq. 12), which implies that the temperature structures
of the quiet and magnetic regions of these stars are differ-
ent from the respective solar temperature structures. At the
same time these stars are located in the light grey shaded re-
gion in Fig. 11, which implies that their photometric vari-
abilities are below the uncertainty level and consequently
∆[(b + y)/2]/∆S values are quite uncertain. For example,
one of these stars, HD 14376, was also observed by Hall
et al. (2009) who found no activity-brightness correlation, in-
stead of the inverse activity-brightness correlation found by
Lockwood et al. (2007).
If observed stellar photometric brightness is affected by

a systematic trend or noise (which may be stellar and/or
instrumental in nature, see Sect. 6.1), then it will have a
stronger effect on the measured photometric variability than
on the ∆[(b + y)/2]/∆S values. This may explain why the
observed data and our model are in a better agreement in
Fig. 11 than in Fig. 10.
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Fig. 10. Comparison of the observed and modelled photometric
variability. The modelled values of the photometric variability are
plotted vs. mean chromospheric activity for model stars with so-
lar (upper panel), polar (middle panel), and homogeneous (lower
panel) latitudinal distributions of active regions. The asterisks and
the black lines indicate stars with observed variability and the regression
from Lockwood et al. (2007). The dark (light) shaded areas indicate
estimated 1σ (2σ) uncertainty in the Lockwood et al. (2007) data.
The diamond indicates 18 Scorpii (HD 146233) from Hall et al. (2009).
Coloured curves result from our calculations for three values of the stel-
lar inclination: 90◦ (red curve), 57◦ (magenta curve), 0◦ (blue curve).
The dotted vertical lines denote the mean level of chromospheric activ-
ity of stars with unconfirmed variability (only stars with logR′HK > −5
are shown). The solid vertical line in the top panel shows the mean level
of solar chromospheric activity.

data and consequently the deviation between the Lockwood
et al. (2007) empirical regression and our model can be the
result of one or more of the following:
1. The dependences of the spot and facular disc coverage

on the S-index (Eqs. 1–2) employed in our model are rather
approximate and may also vary from star to star. This may
have a strong effect on the variability of stars around the
gap. Indeed, the variability of such stars is determined by
the balance between spot and facular contributions. A small
change of the ratio between spot and facular surface cov-
erages (as well as between spot and facular brightness con-
trasts, see point 3) may break this delicate balance and thus
strongly affect the variability of the stars around the gap (see
also Appendix B). In contrast, such a change only marginally
affects the variability of stars far from the gap.
2. Our model only accounts for the photometric variabil-

ity on the activity time scale. The measured stellar variability

may be affected by the long-term variability and short-term
variability on the time-scale of stellar rotation, which may
be not completely eliminated by the annual averaging per-
formed by Lockwood et al. (2007). Since, unlike the case of
the variability on the activity time scale, we do not expect any
compensation effect in the rotational and long-term variabil-
ities, they may significantly contribute to the total variability
around the gap (see Shapiro et al. 2013a, for a more detailed
discussion and estimations).
3. The position of the gap very likely depends on B-V

since the facular and sunspot contrasts are expected to de-
pend on the effective temperature of the star. It is possible
that while the Sun is located in the variability gap, other stars
with similar levels of magnetic activity but higher photomet-
ric variabilities are located outside of the gap.
4. The stellar variabilities may be affected by a not yet

identified physical mechanism which is not taken into ac-
count by our simple extrapolation from the Sun.

6.2. Faculae- and spot-dominated stars

One quantity which allows distinguishing easily between stars
whose photometric variability is dominated by faculae and those
with spot-dominated photometric variability is the sign of the
change in brightness with changing chromospheric activ-
ity. Lockwood et al. (1992) introduced the slope of the regres-
sion to photometric brightness vs. S-index ∆[(b + y)/2]/∆S as
a measure of faculae- or spot-dominance. The zero value of
∆[(b + y)/2]/∆S corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.
In Fig. 11 we plot ∆[(b + y)/2]/∆S values given by

Lockwood et al. (2007) and similarly computed with our
model. As in Fig. 10 the three panels differ only in the spa-
tial distribution of active regions on the stellar surface as-
sumed for the model (the observed data, asterisks, are the
same in all panels). Most of the observed stars are located
in between the synthetic curves, so our results are in good
agreement with the data of Lockwood et al. (2007). For the
spot-dominated stars our model reproduces the increase of
photometric variability relative to chromospheric variability
with increasing activity level.
Interestingly, three stars in Fig. 11 appear to be spot-

dominated despite the low level of their mean chromospheric
activity. Our simple extrapolation from the Sun cannot re-
produce such low values of the mean chromospheric ac-
tivity (one would have to adjust the value of S Q for this;
see Eq. 12), which implies that the temperature structures
of the quiet and magnetic regions of these stars are differ-
ent from the respective solar temperature structures. At the
same time these stars are located in the light grey shaded re-
gion in Fig. 11, which implies that their photometric vari-
abilities are below the uncertainty level and consequently
∆[(b + y)/2]/∆S values are quite uncertain. For example,
one of these stars, HD 14376, was also observed by Hall
et al. (2009) who found no activity-brightness correlation, in-
stead of the inverse activity-brightness correlation found by
Lockwood et al. (2007).
If observed stellar photometric brightness is affected by

a systematic trend or noise (which may be stellar and/or
instrumental in nature, see Sect. 6.1), then it will have a
stronger effect on the measured photometric variability than
on the ∆[(b + y)/2]/∆S values. This may explain why the
observed data and our model are in a better agreement in
Fig. 11 than in Fig. 10.

Variability vs. magnetic activity

no variability gap in stellar data



Different scenarios for the solar trajectory 

variability (young stars). For stars with log R0
HK there is a rela-

tively well-defined increase in the amount of photometric vari-
ability relative to the chromospheric variability. Six outliers lie
well below the rest, including the unusually active star HD 129333.
As before, the nine stars with only one usable comparison star are
plotted using inverted triangles.

Left of the Sun’s location on this diagram there is considerable
scatter, which we attribute mainly to the poorly known level of
photometric activity of these stars rather than to an astrophysi-
cally meaningful effect.

This figure, which we consider a key exhibit in the morphol-
ogy of stellar variability for the Sun and its analogs, raises an
interesting question. Is the Sun’s location, just slightly above the
dividing line, fixed for historical time or could it shift around a
bit? Certainly, during the three solar cycles of modern observa-
tion, there is nothing to suggest that spot activity could over-
take facular activity as the principal component of solar variability.
The answer, apart from whatever theoretical ruminations might
arise, lies in expanding the sample of stars and pushing down the
limits of estimated photometric variability as far as possible. The
answer, therefore, lies in the indefinite future.

4.5. Lessons Learned

In this section we discuss how our results might have been
improved hadwe known in 1984what we know today.We began
our survey of Sun-like field stars in 1984 with the new knowl-
edge that young F7YK2 stars in the Hyades vary at the easily
detected level of a few percent (Radick et al. 1983; Lockwood et al.
1984). This was a revelation, since Jerzykiewicz & Serkowski
(1966) had shown that stars in this spectral range, if they vary at
all, do so at levels below 0.5% on a decadal timescale. The Sun
itself, shown from spacecraft observations in 1980 to be a vari-
able star on a timescale of days (Willson et al. 1981), had yet to
reveal its minuscule cycle timescale 0.1% variation (Fröhlich
2003a, 2003b).

The challenge, as we perceived it in 1984, was therefore to
map out variability downward from the easily detected several-
percent range of Hyades dwarfs to whatever level our instrumen-
tation would allow. To be reasonably certain of not coming up
empty handed, we included a number of young, presumably ac-
tive stars (based on their log R0

HK values) in our sample. These
rewarded us almost immediately by showing variability.

A preliminary reconnaissance of our capabilities based on ob-
servations of planetary targets (e.g., Lockwood 1977, 1981) had

Fig. 7.—Long-term (cycle timescale) photometric variation vs. average
chromospheric activity level.

Fig. 8.—Correlation between photometric brightness and HK emission var-
iations for long timescales based on 13Y20 yr of observation. (top) and 7Y12 yr
of observation from Paper II. (bottom). Many correlations are strengthened and
none of the 32 surviving stars in the longer sample show reversal in the sense of
the correlation.

Fig. 9.—Slope of the regression of photometric brightness variation on HK
emission variation, plotted as a function of average chromospheric level.
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Figure 5. The variability as measured by one-month Rvar for the Sun (thick line) and Kepler G dwarfs (starred). The histograms are normalized to the same peak
values. They are comparable because the solar data provide snapshots at all cycle phases for the Sun, while the Kepler data sample solar-type stars at all random phases
of their cycles. The comparison provides a means of estimating what fraction of stars could be somewhere in a solar-like cycle, and what fraction are clearly more
active or quiet.
(A color version of this figure is available in the online journal.)

3.1. The Active Fraction of G Dwarfs

It can be very illuminating to use these data by computing
histograms of the one-month Rvar for the Sun and stars. This
is productive because the solar data are 161 samples of the
behavior of the Sun (a month at a time) at all parts of its
activity cycle. The Kepler data, on the other hand, represent
a large number of stars during the same month, which should
also sample all phases of the ensemble of activity cycles. We
normalize the histograms to the same peak value so that the
different sample sizes do not affect the comparison too much
(Figure 5). It is gratifying to find that the basic shape of the
histograms are similar. We can use this to look at the fraction
of stellar points that lie outside the solar points (or vice versa).
There is the aforementioned excess of very quiet solar points;
this is not due to noise, which does not appreciably affect Rvar
for the Sun or bright Kepler stars. Another feature of possible
note is that the solar histogram has a dip at the range where
the stellar histogram peaks. This is a range where the Sun is
transitioning from quiet to active.

As noted above, 20% of solar points are quieter than any
stellar points, and 20% of stellar points are more active than
any solar points. This low noise tail arises almost exclusively in
the most recent solar minimum (which was not included in the
datasets used before this paper).We suspect the quiet end of the
stellar data may still be subject to instrumental systematics. We
have looked at the distributions at the other timescales (several
are apparent in Figure 4). At the shortest times, the Sun is
altogether quieter due to the superior S/N of the SOHO data.
By 12 hr there is only a slight quiet excess, and there is none
again until 8 days. This might be an indication that the Kepler
pipeline is still introducing a spurious low-level variance at

timescales of a week or longer. If true it could explain the fact
that 20% of the solar points have a lower range (which is a long
timescale diagnostic) than any of the Kepler points.

It is clear that the Sun and the stars share a median range and
most of the points in both sets lie at similar ranges. The actual
values of the ranges for various percentages of the solar points,
and the fraction of solar-type Kepler stars that are above each of
them are given in Table 1. There is an obvious tail of stars that
lie at higher Rvar than any of the solar points. We believe that
this tail is astrophysical; these are the stars that are clearly more
active than the Sun. We can use the point at which the solar
distribution drops off rapidly to define the high limit of solar
variability, and then ask what fraction of the Kepler stars lie
above that. This approach has the virtue that we have essentially
accounted for stars that might be in low or high parts of their
cycle by comparing them with the Sun at all parts of its cycle.
We find that roughly that 30% of stars are more active than
90% of the observed solar ranges, and 20% of stars are more
active than 100% of observed solar ranges. This is consistent
with what Basri et al. (2010) found, but significantly lower than
what Gilliland et al. (2011) or McQuillan et al. (2011) found.
They both claimed that about 60% of stars are more active than
the Sun. We find instead that 60% of the Kepler stars are only
more active (have larger one-month ranges) than about that same
fraction of solar points.

It is important to understand this discrepancy. We have already
discarded CDPP as a useful measure of stellar variability in this
context, and thus do not discuss it further. We therefore set
out to reproduce the results of McQuillan et al. (2011), whose
methodology is relatively similar to ours. We were able to find
new (similar) values for our two free parameters (δI0(0.5 hr)
and N0(0.5 hr)) that reproduce their results fairly closely. One
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THANK YOU!


