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This supplementary material gives further information which supports the main findings 

presented in the main body of the paper. Section 1 gives more details on the model and setup 

of the simulations discussed in the main paper, section 2 provides details about the forcings 

used, with a detailed description of the implementation of land use change in HadCM3 as this 

was developed for these simulations. Section 3 discusses the results of some of the 

simulations in more detail. Section 4 provides additional detail for the analysis used in the 

main paper. The samples of internal variability required for this analysis are discussed in 

Section 5, and Section 6 presents the results of the analysis in tabulated form. Section 7 

discusses the robustness of results given in the body of the paper, including perfect model 

tests and linearity assumption used. Finally section 8 explores the sensitivity of our results to 

details of the analysis. 

 

1. Climate model simulations  

The model used for all the simulations described in this paper was the coupled climate model 

HadCM3. This model has been well documented in previous papers e.g. Pope et al.1, Gordon 

et al.2 and has been used extensively (see e.g. Tett et al.3 Stott et al4, and references therein). 

The atmospheric component has a resolution of 2.5º X 3.75º longitude with 19 levels, while 

the oceanic component has a resolution of 1.25º X 1.25º with 20 levels. 

 

The experimental strategy is outlined in the main paper (table 1). We carried out three 
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simulations from 800 AD all starting from the same initial conditions taken from a 5505 year 

control run: All long, CTL850 and Solar Shapiro. In model year 1400 we spun off 

ensembles driven with individual forcings, while keeping the other forcings at 1400 

conditions. The ensembles were all initialised with ocean conditions in year 1400 from All 

long and different atmospheric states near 1400 (1390, 1400, 1410 and 1420 of All Long). In 

addition another 4 simulations were run without aerosols starting in year 1750, initialised by 

the oceanic conditions and atmospheric conditions in year 1750 from the 4 ALL simulations. 

No analysis was carried out on the first 50 years of any ensemble member in order to allow 

time for the surface climatologies to become statistically independent5.  

 

2. Forcings 

Orbital, Volcanic and solar forcing 

Changes in orbital parameters were calculated following Berger6, which were then used to 

modify the top of atmosphere insolation. The volcanic forcing used was that described in 

Crowley et al.7 and is shown in fig. S1a. This reconstruction is based on ice-core records 

from Antarctic and Greenland calibrated based on the Pinatubo eruption in 1991 and is 

evaluated by comparison to 20th century instrumental records. The reconstructed aerosol 

optical depth is given in four latitudinal bands (90°N-30°N, 30°N-equator, equator-30°S, 

30°S-90°S), and this is implemented in the model. The estimate in the magnitude in overall 

volcanic forcing has an estimated 1-sigma uncertainty of ± 35% while that in the magnitude 

of individual eruptions is higher (see the supplementary material in Hegerl et al.8) 

1 
 

Supplementary Material for: 

Small influence of solar variability on climate over the past millennium  

Andrew Schurer1, Simon F. B. Tett1 and Gabriele C. Hegerl1 

1School of Geosciences, University of Edinburgh, EH9 3JW, UK 

 

This supplementary material gives further information which supports the main findings 

presented in the main body of the paper. Section 1 gives more details on the model and setup 

of the simulations discussed in the main paper, section 2 provides details about the forcings 

used, with a detailed description of the implementation of land use change in HadCM3 as this 

was developed for these simulations. Section 3 discusses the results of some of the 

simulations in more detail. Section 4 provides additional detail for the analysis used in the 

main paper. The samples of internal variability required for this analysis are discussed in 

Section 5, and Section 6 presents the results of the analysis in tabulated form. Section 7 

discusses the robustness of results given in the body of the paper, including perfect model 

tests and linearity assumption used. Finally section 8 explores the sensitivity of our results to 

details of the analysis. 

 

1. Climate model simulations  

The model used for all the simulations described in this paper was the coupled climate model 

HadCM3. This model has been well documented in previous papers e.g. Pope et al.1, Gordon 

et al.2 and has been used extensively (see e.g. Tett et al.3 Stott et al4, and references therein). 

The atmospheric component has a resolution of 2.5º X 3.75º longitude with 19 levels, while 

the oceanic component has a resolution of 1.25º X 1.25º with 20 levels. 

 

The experimental strategy is outlined in the main paper (table 1). We carried out three 

2 NATURE GEOSCIENCE | www.nature.com/naturegeoscience

SUPPLEMENTARY INFORMATION DOI: 10.1038/NGEO2040

© 2013 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/ngeo2040


3 
 

 

Fig. S1- Drivers used for the All long simulation. (A) Volcanic aerosol optical data from 

Crowley et al.7, showing the global mean volcanic aerosol optical depth at 0.55μm. (B) Total 

stellar irradiance data from Steinhilber, Beer and Frohlich9 for 800-1810 and from Wang, 

Lean and Sheeley10 1810-2000. (C) Concentration of CO2, N2O, CH4 from Schmidt et al.12 

(D) Percentage of global land mass from Pongratz et al.13. 

 

The solar forcing used in the ALL forced runs up to 1810 is based on the reconstruction of 

Steinhilber, Beer and Fröhlich9, a Total Solar Irradiance (TSI) reconstruction based on the 

cosmogenic radionuclide 10Be measured in ice cores. Following Schmidt et al12 for the period 

1810-2000 we used the solar reconstruction of Wang, Lean and Sheeley10, which is based on 

a flux transport model of the open and closed flux which uses the observed sunspot record as 

the main input. To get the two different reconstructions to match up a linear combination of 
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the Wang et al. reconstruction with background and without background was used so that the 

mean value of the sum was identical to that of the Steinhilber reconstruction between 1810 

and 1820. The TSI over the total duration of the simulations is shown in fig. S1b.  

 

To test the effect of a stronger solar forcing a simulation is also run with the Shapiro et al.11 

solar forcing (see table 1). A comparison between this strong solar forcing and the 

Steinhilber/Wang solar forcing on inter-decadal timescales is shown in fig. S2.  

As can be seen in fig. S2 once the 11-yr cycle is smoothed out the strong solar forcing is very 

similar to a scaled up version of the weak solar forcing (they are based on the same 10Be 

isotope data), with a correlation of 0.98 and a scaling factor of α = 8.5 (calculated by an 

ordinary least squares regression). This scaling relationship is used in this paper to calculate a 

pseudo-simulation, All high solar, from a composite of the All long simulation and the Solar 

Shapiro simulation as: 

 

𝑨𝑨𝑨𝑨𝑨𝑨 𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉 𝒔𝒔𝒔𝒔𝑨𝑨𝒔𝒔𝒔𝒔 = 𝑨𝑨𝑨𝑨𝑨𝑨 𝑨𝑨𝒔𝒔𝒍𝒍𝒉𝒉 + (1 − 1
𝛼𝛼) 𝑺𝑺𝒔𝒔𝑨𝑨𝒔𝒔𝒔𝒔 𝑺𝑺𝒉𝒉𝒔𝒔𝑺𝑺𝒉𝒉𝒔𝒔𝒔𝒔                                                  (1) 

Where the factor (1 − 1
𝛼𝛼) is required to take in to account the solar forcing already in All 

long. Note that although the Shapiro forcing and the scaled Steinhilber/Wang forcing will be 

different on shorter timescales due to the 11-year cycle, this does not affect the analysis since 

a smoother is applied to model data and reconstructions (see section 4 below) that removes 

this cycle prior to the analysis. 
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Fig. S2 – Solar reconstructions –Change in Total Solar Irradiance (TSI) relative to mean 

TSI from 1000-1950.  The “weak” solar values used in this paper (a composite of 

Steinhilber et al.9 and Wang et al.10) is shown in green. The “strong” solar values ( Shapiro 

et al.11 ) is shown in blue. The weak solar TSI multiplied by a factor of 8.53 is shown in red. 

All the solar reconstructions have first been smoothed by a cubic spline filter and then an 11 

year boxcar filter -- the same smoothing that is used in the main analysis. 

 

Well-mixed Greenhouse Gases, aerosols and ozone 

Our model runs have been forced by changes in well-mixed greenhouse gases, namely the 

abundance of CO2, N2O and CH4 and other trace gases. Abundances for the first three were 

set following the PMIP3 standard (see Schmidt at al.12), which means that the data over the 

industrial period is taken from the Goddard Institute for Space Studies (GISS), and the values 

are then linked with splines through the ice core results of the last 2 millennia. The 

atmospheric concentrations of CO2, N2O and CH4 are shown in fig. S1c. Changes in the 

abundances for 6 Halocarbons are set following Tett et al.3. 

 

Changes in both tropospheric and stratospheric anthropogenic aerosol were included as 

described in Tett et al.3 from 1820 onwards. This treatment includes the direct effect of the 
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aerosol particles calculated by the model’s radiation scheme as well as a parameterization for 

the indirect effect of aerosols on cloud optical properties via an off-line calculation. It also 

uses a sulphur cycle model which allows for particle coagulation. This treatment does not 

include changes due to variations in solar radiation. 

 

Land-surface changes 

To simulate the forcings due to a change in land-cover we used the Global land cover 

reconstruction developed by Pongratz et al.13, which has yearly land surface maps from AD 

800 to 1992 given on a 0.5 X 0.5 grid. These values were used to calculate the land-surface 

parameters. The proportion of global land covered by forest, crops and pasture is shown in 

fig. 1d. The land surface scheme incorporated in the HadCM3 GCM is “MOSES1” (Met 

Office Surface Exchange Scheme 1) 14.  In order to calculate the surface parameters required 

by this land surface scheme the 14 land cover classes within the Pongratz et al. dataset had to 

be reclassified to 24 land cover classes specified by Wilson, Henderson-Sellers15, (WHS 

hereafter). The rules for reclassification are shown in table S1. Details of the reclassification 

methods, where there is not a simple one to one mapping are detailed below: 
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Classification in Pongratz Classification in WHS scheme 

Tropical evergreen forest Evergreen broadleaf tree 

Tropical deciduous forest Drought deciduous tree 

Temperate evergreen broadleaf forest Evergreen broadleaf tree 

Temperate/boreal deciduous broadleaf forest Deciduous broadleaf tree 

Raingreen shrub Thorn shrub 

Summergreen shrub Deciduous shrub 

C3 natural grasses Long grass / short grass and forbs 

C4 natural grasses Long grass / short grass and forbs 

Tundra Tundra 

Crop Multiple mapping 

C3 pasture Long grass / short grass and forbs 

C4 pasture Long grass / short grass and forbs 

 

Table S1 - Rules for reclassifying the 14 types of Vegetation in terms of the 24 types 

specified in the WHS dataset. 

 

Crop types 

 WHS provides a scheme whereby 80 land types are first mapped to the 24 land types 

used by MOSES1. Crops are not mapped to one of the 24 land types directly, as in the 

above examples but are instead first mapped to one of the crop types in the 80 type 

WHS land type scheme. Hence, if there are “crops” in a grid cell in the Pongratz 

dataset they are first mapped to a particular type of crop (in the 80 type scheme) 

dependent on the distribution of different types of crop in the 80 type WHS dataset. If 

there are crops in the corresponding grid cell in the 80 type WHS dataset then the 
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crops in the Pongratz dataset are mapped according to the proportions in the 80 type 

WHS dataset. If, however, there are no crops in the corresponding grid cell in the 80 

type WHS dataset the crops are mapped to “arable crop land”, our default crop type. 

The crops in the 80 type scheme are then broken down into different land types in the 

24 type scheme using the table supplied in WHS. 

 

Unclassified proportions 

After the reclassification detailed above any unclassified proportion of a grid cell is 

reassigned according to the following scheme from top to bottom: 

 The ice field from the WHS dataset was interpolated onto the same grid as the 

Pongratz dataset to produce an ice mask. Where a proportion of a grid cell in our 

scheme is unassigned and there is ice in the corresponding grid cell in the ice mask, 

“ice” is assigned to the grid cell according to whichever is smaller: the unassigned 

proportion of the grid cell, or the proportion of ice in the ice mask. 

 The inland lake field from the WHS dataset is interpolated onto the same grid as the 

Pongratz dataset to produce an inland lake mask. Where a proportion of a grid cell in 

our scheme is still unassigned and there is an inland lake in the corresponding grid 

cell in the inland lake mask, “inland lake” is assigned to the grid cell according to 

whichever is smaller: the unassigned proportion of the grid cell, or the proportion of 

inland lake in the inland lake mask. 

 Where a grid cell is still unassigned in our scheme and is assigned as water in the 

Pongratz dataset it is assigned to “open sea” if the corresponding grid cell in the 

inland lake mask does not contain inland lakes and to “inland lake” where it does.  

 The swamp from the WHS dataset is interpolated onto the same grid as the Pongratz 

dataset to produce a swamp mask. Where a proportion of a grid cell in our scheme is 
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still unassigned and there is swamp in the corresponding grid cell in the swamp mask, 

“swamp” is assigned to the grid cell according to whichever is smaller: the unassigned 

proportion of the grid cell, or the proportion of swamp in the swamp mask. 

 Any proportion of a grid cell still unassigned is assigned as “soil” 

 

The land surface parameters required for MOSES1 were then calculated following Cox et 

al.14. For the snow free albedo of the soil component values were calculated based on the 

WHS dataset using the same method as described in WHS. 

 

3. A more detailed look at results of some of the simulations 

As described in table 1 a 1200 year simulation with forcings consistent with those from the 

period 800-850, CTL850, was run in order to check for model drift. The mean annual 

Northern hemisphere surface air temperature for this simulation is shown in fig. S3. The 

control run does not show any significant long term drift in global and NH surface air 

temperature. Consequently no correction for model drift was needed for any of our 

simulations. Also shown in fig, S3 is the mean annual SAT for the Southern hemisphere, 

which also shows no significant long-term drift. 
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Fig. S3. Results from the CTL850 simulation. Annual mean temperature anomaly in red. 

The black line shows the data smoothed with a cubic spline and then an 11 year box-car filter. 

a) for the NH (0-90N land and sea). b) for the SH (0-90S land and sea). 

 

Fig. S4 shows the effect of the greenhouse gas forcing in our simulations. Fig. S4a shows 

the estimated forcing caused by the changes in abundances (see fig S1c), calculated following 

the equations in the IPCC third assessment report16. Figure 4b shows the effect this forcing 

has in our GHG simulations. The largest effect is clearly a steady rise from about 1850 

onwards, leading to a warming in excess of 1.5K by the year 2000. There are also significant 

pre-industrial effects, in particular the one highlighted in fig. 4c which shows the effect of a 

decrease in CO2 in the early 17th century. This is caused by a peak drop in forcing of 

approximately 0.23 Wm-2 and a mean drop in forcing between the periods 1530-1580 and 

1600-1640 (shaded regions fig. S4a) of 0.18K.  This leads to a corresponding mean cooling 
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of 0.12K; consistent with the values expected from HadCM3’s transient response of 2K and 

equilibrium sensitivity of 3.3K. Following the methodology described in section S4 this 

decrease is found to be outside two standard deviations of our control simulation. Note that 

such a small drop in abundance of CO2 will have a larger effect relative to preindustrial 

forcing than it would today, due to the logarithmic relationship of abundance to forcing16. 

Fig. S4 – Results from the GHG simulations. a) Estimated forcing caused by variations in 

the abundance of GHGs. The drop in forcing between the periods 1530-1580 and 1600-1640 

is highlighted by grey shading.  b) Decadally smoothed annual NH (0-90N land and sea) SAT 

results for the 4 members of the GHG simulations, results have been first smoothed with a 

cubic spline and then an 11 year box-car filter. Solid black line shows the ensemble average. 

c) Focuses on one part of panel b emphasising the drop in temperature in the 17th century; 

the upper dashed line is the mean of the period 1530-1580 (highlighted by the first shaded 

region) and the bottom dashed line the mean for 1600-1640 (second shaded region). 
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Figure S5 shows the effect of volcanic eruptions in our simulations. The volcanic eruptions 

cause large short-term cooling with annual decreases in excess of 1K, but also multi-decadal 

variations. This is highlighted in the bottom panel, where annual temperatures are below 

average in all simulations from 1809 to the 1820s, and below average conditions prevail for 

most of the subsequent 30 years.  

Fig. S5 – Results from the VOLC simulations. Figure shows mean annual NH (0-90N land 

and sea) SAT results for the 3 members of the volcanic only forced simulations. Years with 

high levels of volcanism are highlighted by grey bars. No smoothing is applied. 

 

Fig. S6 illustrates the similarity, on multi-decadal timescales, between the NH SAT from 

the Solar Shapiro run and the volcanic only forced simulation (VOLC). Each minimum 

in the solar forcing corresponds to a period of high volcanism. Therefore it is important to 

consider the possible effect of both forcings to avoid wrongly attributing the cooling to solar 
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forcing only. In contrast, our detection and attribution analysis (fig. 2, body of paper) finds 

that solar and volcanic forcing can be separated quite well if decadal variability is used, 

making use of the difference in time-fingerprint between solar and volcanic forcing on long 

inter-decadal timescales. 

Fig. S6- Similarities between the solar and volcanic forcing. – (A) NH SAT in the simulation 

with just the Shapiro solar forcing. Annual mean in blue and 30 year smoothed in black (B) 

The NH SAT in our volcanic only simulations, annual mean in blue, green and red, 30 year 

smoothed in black, grey bars indicate major volcanic eruptions.  

 

4. Additional analysis details 

 Time series smoothing: All model simulation data are first filtered by a decadal cubic 
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spline17 in the same way as the reconstructions). The reconstructions and the simulations are 

then further smoothed by an eleven year boxcar filter to remove any variability on less than 

decadal scales. This should remove the effect of the 11 year solar cycle. For plotting purposes 

the end points of the time-series are extrapolated using an autoregressive model to allow 

smoothing to the beginning and end of the time-series. Note that this does not affect results 

from the regression analysis since the first and last parts of the simulations and 

reconstructions are not used in it. 

 

Uncertainty range for the contribution by individual forcings to climate of multi-

decadal time periods (fig 1c): To calculate the uncertainty (shown by the bars in figure 1c), 

we compare the values to two standard deviations taken from a distribution calculated from 

CTL850. This was done by breaking CTL850 into 600 year segments (the same length as the 

analysis period) and then calculating the mean anomalies for each period in the same way as 

we did for the forced simulations. Assuming that the variances of independent samples are 

additive18 we divide the CTL850 standard deviation by √n where n is the number of ensemble 

members, to account for the expected reduction in variance due to the use of multiple 

ensemble members. AER and LUSE are further multiplied by a factor √2 to account for the 

increase in variance due to being calculated from one ensemble mean subtracted from 

another. 

 

Calculating the internal variability contribution to the raw model results (fig 2e) 

The simulations will have both a forced and un-forced (internal variability) component. In 

figure 2e we wish to show the un-scaled forced component (short horizontal line) to compare 

with the noise free results for the scaled fingerprints. To compare like with like the probable 

contribution from internal variability must first be removed from the un-scaled simulation 

results. This was done by calculating the expected contribution of internal variability in each 
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ensemble mean and then subtracting one from the other (assuming that variances of 

uncorrelated samples are additive). The internal variability of a single simulation was taken to 

be the same as in CTL850 (table 1). Since many of the model results are ensemble averages 

the variance of the internal variability contribution was reduced by a factor of 1/n where n is 

the number of ensemble members.  

 

5. Samples of Internal Variability used in the detection and attribution 

analysis 

In order to account for the uncertainty in our detection and attribution results due to internal 

variability (see main paper eq. 1), samples of internal variability were added to the noise 

reduced fingerprints to re-calculate 2000 different combinations of scaling factors, βi.  These 

samples were taken from control simulations of four different climate models. This was a 

similar technique to that used in ref. 19. These samples came from: 

 The CTL850 simulation of HadCM3 described in this paper (1200 years) 

 A long control simulation of HadCM3 (3630 years)20 

 A control simulation by the MPI-ESM (COSMOS) model (3100 years)21 

 A control simulation by the MPI-ESM-P model (1000 years)22, made available as part 

of the CMIP5 project20. 

 A control simulation by the GISS-E2-R model (1150 years), made available as part of 

the CMIP5 project. (This control simulation has non-negligible climate drift; this was 

corrected by fitting and removing a second order polynomial). 

The annual NH mean SAT was calculated for each control simulation prior to analysis and 

then the result was filtered first by a decadal cubic spline then an 11-year box car filter, in the 

same way as the model simulations and reconstructions (see section 4). 14 samples of internal 

variability were taken from these control runs for the period 1000-1990, and 18 samples for 
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the period 1450-1990 

 

6. Tabulated results of the detection and attribution analysis 
 

Tables S2 and S3 contain details of the results plotted in fig. 2 of the main body of the paper. 

The results are first broken down according to which master reconstruction each individual 

member of the reconstruction ensemble was derived from (multiple realizations of each are 

based on varying calibration periods, Frank et al24). The combined results and results for the 

analysis using the average reconstruction are also given. 

 

Reconstruction β Median β 5-95% % 

1000-1990 All_nosol Solar All_nosol Solar Shapiro Residual 

Rejected 

Jones 1998 0.76 0.05 0.35 2.00 -0.19 0.21 0 

Briffa 2000 0.79 -0.05 0.32 1.37 -0.28 0.11 0 

Mann & Jones 2003 0.70 0.32 0.34 1.32 0.17 0.53 0 

Moberg 2005 0.68 0.36 0.30 1.16 0.19 0.54 75.6 

D’Arrigo 2006 0.62 -0.03 0.28 1.17 -0.26 0.12 9.09 

Hegerl 2007 0.69 0.05 0.34 1.33 -0.16 0.21 0 

Frank 2007 1.60 -0.66 0.91 3.08 -1.32 -0.33 0 

Juckes 2007 0.95 0.31 0.51 1.76 0.15 0.53 0 

Mann 2008 0.51 0.14 0.28 1.11 -0.03 0.29 19.7 

Average recon. 0.56 0.12 0.37 0.92 -0.06 0.21 0 

Combined 0.78 0.05 0.33 2.08 -0.79 0.42 10.2 

Table S2 – Results for the detection and attribution analysis – Results for the regression of a 

linear combination of All Long and Solar Shapiro for the period 1000-1900 
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Reconstruction β Median β 5-95% % 

1450-1900 VOLC GHG Solar 

Shaprio 

VOLC GHG Solar Shapiro Residual 

Rejected 

Jones 1998 0.36 -0.04 -0.15 0.12 0.65 -0.47 0.48 -0.35 0.15 19.7 

Briffa 2000 0.49 0.81 -0.19 0.21 0.81 0.29 1.44 -0.45 0.10 0 

Mann&Jones 

2003 

0.42 0.65 0.22 0.15 0.75 0.20 1.33 0.02 0.57 0 

Moberg 2005 0.33 0.99 0.12 0.05 0.66 0.33 1.89 -0.09 0.45 35.6 

D’Arrigo 2006 0.48 0.75 0.05 0.22 1.02 0.30 1.98 -0.16 0.37 1.5 

Hegerl 2007 0.45 0.61 -0.13 0.18 0.77 0.16 1.27 -0.35 0.16 2.8 

Frank 2007 0.94 2.10 -0.52 0.54 1.62 1.29 3.56 -1.09 -0.17 0 

Juckes 2007 0.45 1.35 0.11 0.16 0.84 0.71 2.33 -0.15 0.43 5.5 

Mann 2008 0.34 0.46 0.01 0.10 0.84 0.08 1.70 -0.18 0.32 3.0 

Average recon. 0.43 0.69 -0.03 0.23 0.70 0.32 1.21 -0.22 0.26 0 

Combined 0.46 0.78 -0.03 0.15 1.11 -0.08 2.50 -0.61 0.38 6.9 

 

Table S3 – Results for the detection and attribution analysis - Results for the regression of a 

linear combination of VOLC, GHG and SOLAR Shapiro for the period 1450-1900.  

 

7. Robustness of results to model uncertainty 

The lack of individually forced simulations using other climate models over the timescales 

investigated in this paper means that repeating this study using results from different models, 

is not possible. However, several climate model simulations of the past millennium are 

available that are driven with all relevant forcings, many run as part of the fifth Coupled 
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Model Intercomparison Project (CMIP5). The results from 5 models (5 ensemble members 

from the ECAM5-COSMOS model with a weak solar forcing21; 2 model simulations from 

the GISS model; and one simulation each from CCSM425; BCC26, and MPI-ESM22) are 

shown in fig. S7a in addition to our ALL long simulation and 3 additional ALL simulations 

from 1401 onwards (all results shown for the NH SAT, and all use the same smoothing as that 

used in the main article). To investigate the similarity between the model runs used here and 

the simulations with different climate models we calculate the correlations between these 

models and our 4 ALL forced simulations for the period 1450-1900. The results are shown in 

fig. S7b. The results show the correlations between the different HadCM3 ALL forced 

ensemble members and the mean of the remaining three members is not significantly 

different from that between the different HadCM3 ALL forced ensemble members and the 

multi-model mean. This demonstrates that for the smoothed hemispheric mean timeseries we 

use, all models driven with combined forcings are highly correlated and therefore our results 

should be model independent. 
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Fig. S7 – A comparison of our 4 HadCM3 simulations which include all forcings to the 

results from 5 different models. a) The individual model runs are shown by a thin line the 

mean of all runs are shown by a bold line. All data have first been smoothed by a cubic spline 

filter and then an 11 year boxcar filter as used throughout this study. b)  Correlations 

between different models. The black cross shows the correlation between the mean of all 4 

HadCM3 ALL ensemble members and the mean from all other models. The red crosses show 

the correlations between each of the 4 HadCM3 ALL ensemble members to the mean of the 

remaining three. The green crosses show the correlations between each of the 4 HadCM3 

ALL ensemble members to the multi-model mean. 

 

Perfect model Detection and Attribution analysis 

To further investigate the model sensitivity of results we have conducted perfect model 
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studies, both within our HadCM3 framework and using other models. This will test the 

method and see if the results from reconstructions are consistent with the signal-to-noise ratio 

in the model. The results are shown in fig. 8. 

 

When the All long and All High Solar HadCM3 simulations were used as the target of 

regression in place of the reconstruction the results shown in fig. 8a and 8b were as expected. 

For the two fingerprint analysis for the longer period (1000-1900), equivalent to fig. 2a in the 

main paper, scaling factors of exactly one and zero were calculated, for the ALL long and 

Solar Shapiro fingerprints respectively. This is because one of the fingerprints is identical to 

the target so therefore its scaling factor must be one while conversely no contribution from 

the other fingerprint should be expected. Note that these scaling factors are equivalent to β1 

and β2 in eq. 4 and eq. 5 of the method section in the main article and are converted to 

βAll_nosol  and βsolar  prior to plotting on the figure. The scaling factors when the fingerprints are 

regressed against the All High Solar composite however are, as expected, consistent with 

both βAll_nosol  and βsolar  equal to one.  Similarly, the results for the three fingerprint analysis 

for the shorter period, fig. S8b, show that the volcanic and GHG forcing are always 

detectable and encompass one in the model runs as expected. The solar effect in All Long 

(with weak solar) proved to be un-detectable although the uncertainty range does encompass 

the actual simulated effect of the forcing used. The effect of the solar forcing in the high-solar 

All High Solar composite is detectable and consistent with the forcing used. The fact that the 

best estimate and range from both these analyses is quite similar to that resulting from the 

reconstructions supports our results, and further supports that the reconstructions are 

consistent with a weak, but not a strong solar forcing. 

To further test the method and indirectly probe the model dependency of our results, we have 

repeated the perfect model exercise using data from simulations with different climate 
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models. The models which make up the first multi-model ensemble are the CMIP5 

simulations show in figure S7b: (2 model simulations from the GISS model; and one 

simulation each from CCSM4; BCC and MPI-ESM). These models all have similar forcings 

to that found in our ALL long simulation. As fig. S8a and fig8b show the calculated scaling 

factors are remarkably similar thus providing further evidence that the difference between 

climate models does not affect the fingerprints and results from our analysis. 

 

Jungclaus et al.21 have run using the MPI-ECHAM5 model two different ‘all forced’ 

ensembles, one with a weak solar forcing, comparable to that used in our All long 

simulation and one with a moderate solar forcing equivalent to approximately half of the 

forcing in our Solar Shapiro simulation (approximate value based on a TLS regression 

between the two forcings). These two model ensembles provide a perfect test bed for our 

method, particularly for the model sensitivity of results. Figure S8 shows that if the 

simulations replace the proxy reconstructions but we still use the HadCM3 fingerprints in our 

regression approach the scaling factors for solar forcing in the weak solar ensemble are small 

and similar to those in our earlier results. In contrast, the solar scaling factors derived for the 

moderate solar ensemble are between those expected for a weak solar forcing and a strong 

solar forcing (significantly in the two fingerprint case). Thus, the known solar forcing in the 

MPI simulations was diagnosed using the method used on the temperature reconstructions in 

the body of the paper, lending considerable support to our claim that our results rule out a 

strong solar forcing but are consistent with a weak solar forcing.  

  

The diagnosed greenhouse gas fingerprint from those runs shows wide uncertainty ranges, 

which might be due to less of a CO2 decrease in the Little Ice Age in the MPI simulations, 

which are run with an interactive carbon cycle. Volcanic forcing in the MPI simulations is 
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detectable, although with a scaling factor of slightly less than one indicating that the response 

to volcanic forcing is stronger in our HadCM3 simulations than in the MPI-ECHAM5 

simulations. 

 

Figure S8c shows that if the same perfect model analysis is performed using fingerprints for 

solar forcing based on the 4-member weak solar ensemble mean rather than the Solar 

Shapiro simulation, then the response to solar forcing is much more difficult to detect (note 

change in y-axis range). This is because the signal to noise ratio is small in the weak solar 

simulations, yielding a fingerprint for solar forcing that is strongly contaminated by internal 

variability, with the actual underlying climate signal being poorly constrained. This gives rise 

to the extremely wide confidence interval seen in the figure. In addition the presence of a 

very poorly constrained fingerprint has the effect of increasing the confidence interval of 

every other fingerprint as well. 
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Fig. S8- Perfect model detection and attribution analysis –Results for a detection and 

attribution analysis using different model results as a target for regression a) The two 

fingerprint analysis for the period 1000-1900. This is the same analysis as performed in the 

main article except that the ALL long, ALL High Solar simulations and 3 different multi 

model means are used as the target for regression instead of the Frank et al24 reconstructions. 

The dashed horizontal line corresponds to a solar scaling factor equal to the weak solar 

forcing while the dotted line on the far right corresponds to a scaling factor approximately 

equal to that expected for the solar forcing in the high solar MPI simulations. b)  same as 

panel a) but  shows the three fingerprint analysis for the period 1400-1900. c)  same analysis 

as b) except that the solar fingerprint is the average of the four weak solar simulations (note 

differences in y-axis scale). 
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Linearity between the forcings 

In the analysis in this paper we have assumed that the forcings act linearly. Fig. S9 shows this 

appears to be a reasonable assumption at least within the model. In fig. S9a the average of the 

4 All forcing simulations are plotted with the linear combination of the individually forced 

simulations. This was calculated as the sum of the ensemble means of the individually forced 

simulations. Which for 1400-1750 was: 

 

𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 1
4 ∑ 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆𝑐𝑐

4
𝑐𝑐=1  + 1

3 ∑ 𝑉𝑉𝑆𝑆𝐴𝐴𝑉𝑉𝑐𝑐
3
𝑐𝑐=1  + 1

4 ∑ 𝐺𝐺𝐻𝐻𝐺𝐺𝑐𝑐
4
𝑐𝑐=1 + 1

4 ∑ 𝐴𝐴𝐿𝐿𝑆𝑆𝐿𝐿𝑐𝑐
4
𝑐𝑐=1          (2)                 

 

And for 1751-1999 it was calculated as: 

 

𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 1
4 ∑ 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆𝑐𝑐

4
𝑐𝑐=1  + 1

3 ∑ 𝑉𝑉𝑆𝑆𝐴𝐴𝑉𝑉𝑐𝑐
3
𝑐𝑐=1  + 1

4 ∑ 𝐺𝐺𝐻𝐻𝐺𝐺𝑐𝑐
4
𝑐𝑐=1 + 1

4 ∑ 𝐴𝐴𝐿𝐿𝑆𝑆𝐿𝐿𝑐𝑐
4
𝑐𝑐=1 +

1
4 ∑ 𝐴𝐴𝐿𝐿𝑆𝑆𝑐𝑐

4
𝑐𝑐=1                                                                                                                       (3)             

Figure S9b shows the residual between the ALL forcings run and the linear combination 

composite. The variability of this residual should be consistent with internal variability if the 

forcings are acting linearly. Because the residual contains components of internal variability 

from a large number of different simulations the comparison needs to account for the many 

different sources of internal variability in the linear combinations above (note also that LUSE 

and AER have double the amplitude of internal variability since they are calculated from 

subtracting NoLUSE and NoAER from All). For the period 1400-1750 this linear 

combinations should have 1.26 times the standard deviation of CTRL850 and for the period 

1751-1999 the ratio should be 1.44, which is consistent with the size of the residuals in fig. 

S9b and the distributions in figs. S9c and S9d. This supports the linearity assumption. 
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Fig. S9 – Analysis to test the linearity assumption – (A) Ensemble mean of the All forcing 

simulations in black, linear combination of the individually forced runs in brown. (B) 

residual calculated as the difference between the two lines in (A). The dashed horizontal lines 

show 2 standard deviations of the expected internal variability given the CTL850 simulation 

(i.e. scaled to account for the many sources of internal variability in the residual). (C,D) 

Distribution of the calculated residual shown in (B) and of the scaled HadCM3 control 

simulations for (C)  1400-1750 and (D) 1751-1999, where the smoothed line shows a 

Gaussian fit to the distribution.  All data has first been smoothed by a cubic spline filter and 

then an 11 year boxcar filter 
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8. Sensitivity of attribution results to details of the analysis 

The main analysis in the paper only includes results from the detection and attribution 

analysis which yield a residual compatible with the sum-of-squares of the combined HadCM3 

control simulation and CTL850 run. Regression results from reconstructions which yielded 

residual variability that was not compatible with our model estimates were ignored in the 

overall estimate of uncertainty. Fig. S10 shows the same analysis as fig. 2, but now includes 

results which failed the residual consistency test. This figure shows that our results are not 

dependent on this test since the 5-95% range of β-values for the solar forcing are still not 

compatible with the Shapiro et al. results. Larger ranges in β-values result if dropping the 

residual test, since when fits are poor TLS can give scaling factor ranges which become 

unbounded27. However, the upper range of the solar β-values however remains little changed. 
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Fig. S10 - Results for the detection and attribution analysis with the residual consistency 

constraint dropped. The figure is identical to fig. 2 except for the inclusion of results which 

do not pass the chi squared test. 

 

Figure S11a shows the sensitivity of our results to changing the length of the analysis period 

by finishing in 1850 rather than 1900. The results for the analysis beginning in 1000 show no 

noticeable changes compared to those in the body of the paper. For the shorter period 1450-

1850 figs 11b,c,d, the median values and the best fit for the average ensemble are very 

similar to those for the period (1450-1900 fig 2b,c,d). However, the loss of the final 50 years 

of the analysis means yields results that are less constrained, as expected due to the loss of 
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signal in the fingerprints. The GHG scaling in particularly has become less constrained, 

although GHG forcing is still detected in approximately 50% of reconstructions. The main 

conclusion of this study, namely the importance of solar forcing, is robust to the removal of 

the final 50 years of the analysis period. 

 

 

Fig. S11 - Results for the detection and attribution analysis for a shorter analysis period. 

The figure is identical to fig. 2 except the analysis for both analyses finish in 1850 (not 1900 

as in fig.2) 
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